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The Fate of Naphthalene and n-Aikylnaphthalenes during Combustion, and an Evaluation of 
the Sources of these Compounds in Diesel Exhaust Emissions 
Robin Douglas Pcmberton 
Abstract 
The mam objective of this research was to understand the fate of naphthalene and n-
alkylnaphthalenes during diesel combustion, and an evaluation of their sources in diesel exhaust 
emissions. This was achieved by the use of a procedure which employed a [14Cjradiolabelled PAH 
technique and a diesel enriched fuel technique (DEFT). 
The combustion of diesel fuel spiked with (14C [naphthalene has shown unequivocally that 0.5% of 
the naphthalene contained in diesel fuel survives combustion under the engine conditions studied 
(2500 rpm and 50 Nrn). The survived naphthalene represented 22.8% of the total recovered 
naphthalene, the other 77.2% was presumably pyrosynthetic in nature. 
The sources of the pyrosynthesised naphthalene in the emissions was investigated at 2500 rpm and 50 
Nm. The previously unreported input of n-methylnaphthalenes to the pyrosynthesised naphthalene 
was demonstrated by combusting fuel spiked with C"CJ2-methylnaphthalene. Radiolabelled 2-
methylnaphthalene (0.53% of the original C4CJ2-methylnaphthalene) which had survived combustion, and 
radiolabelled naphthalene (0.02% of the original (14C]2-methylnaphthalene), were recovered in the exhaust 
extracts. This showed unequivocally that 2-methylnaphthalene was converted to naphthalene in the 
combustion chamber. The first enrichment experiments (DEFT), in which 1- and 2-methylnaphthalene 
were added separately to fuel prior to combustion confim1cd that demcthylation of both species produced 
naphthalene in small yields ( 1.9% and 6.1% respectively). 
The contribution of n-alkylnaphthalenes with the alkyl group greater than methyl in length, to 
pyrosynthesised naphthalene contained in exhaust emissions was investigated using fuel spiked with 
non-radiolabelled alkyi-P AH. The major product of combustion of these compounds was 2-
vinylnaphthalene, with a 0.08% conversion for 2-butylnaphthalene and a 0.0 I% conversion for 2-
ethylnaphthalenc. No dealkylated products were detected in the exhaust emissions. A mechanism for 
the formation of 2-vinylnaphthalene was proposed. 
The effect of engine speed and load on the recovery of naphthalene and the contribution of 
pyrosynthesised and survived naphthalene to recovered naphthalene were established using 
[
14C]naphthalene. At all speeds and loads investigated the pyrosynthesised fraction of recovered 
naphthalene was shown to be dominant. 
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Chapter I 
Introduction 
1.1 Trends in Sales of Diesel Vehicles 
Between 1994 and 1995 new registrations of diesel cars and off roaders fell from 431,047 
to 405,079, and their share of the total new car market was down from 22.5% to 20.8% 
after a decade of steady growth (Langley, !996) This was partially a result of adverse 
publicity owing to public health concerns over the respirable particulate matter less than I 0 
1-J.m in diameter (PM10) and the associated polycyclic aromatic compounds (P A C) which are 
known to be carcinogenic (IARC, 1989). Sales were also hit by the suggestion that tax on 
diesel fuel would be increased by a special pollution levy in the budget (November, 1996). 
Diesel pump prices are now the same and often more than unleaded fuel, making the cost 
savings of diesel powered vehicles less apparent, although their economy is about 30% 
better than that of petrol vehicles. A Peugeot 405 STi 2.0 litre petrol model and its 
equivalent diesel model (STD 1.9 litre) had almost identical list prices in 1993. However, 
over a 6 year or 60,000 mile lifetime, the diesel version will have actually cost £2000 less 
(Freeman, 1994). 
Despite the current concerns over particles and associated P AC it is predicted that sales of 
diesel cars will account for between 30% and 40% of the European market by the year 
2000. Emissions of PAC from diesel engines are significantly greater than from spark ignition 
(SI) engines without catalysts and an increasing proportion of diesel cars on the road may thus 
affect the atmospheric burden of P AC. Whilst P AC are readily detectable in diesel exhaust, 
(Schuetzle, 1983; Tong et al., 1984; Williams et a/, 1989) comparatively little research has been 
undertaken to investigate their origin. An understanding of the origin of P AC in diesel exhaust 
emissions is fundamental if adequate control of the emission of these compounds is to be 
achieved. Without this infonnation, control strategies aimed at reducing emissions, in tenns of 
engine design and fuel composition, may be both expensive and inefficient. 
1.2 Comparison of Diesel Engines with Spark Ignition Engines 
The fundamental difference between the petrol engine and the diesel engine is in the method 
of ignition and the combustion process. In petrol engines air and fuel are pre-rnixed and 
ignited by an electric spark and the combustion process proceeds as a flame front across the 
combustion chamber. Fuel will not burn except when the air-fuel ratio is between I 0 and 20 
to I. The mixture proportions of any fuel with air may be expressed in tenns of the air-fuel 
ratio. The air-fuel ratio being the actual mass of air available to burn the mass of fuel 
present. For a hydrocarbon fuel, e.g. octane (C8H 18) the stoichiometric combustion equation 
on a molar basis is: 
Thus the air-fuel ratio for octane at stoichiometric conditions (i.e. the mass of air required 
to burn the mass of one mole of fuel) is: 
air-fuel ratio= (12.5 + 47) x 28.95 (relative molecular mass of air) 
114 (relative molecular mass of octane) 
This gives a value for the air-fuel ratio of octane as 15.1: I. In spark ignition and 
compressiOn ignition engmes the stoichiometric ratio i.e. the mass of air required to 
completely combust the mass of one mole offuel to C02 and H20 is 14.7 to I (Goodger, 
1979). An air-fuel ratio of 14.7 to I is the chemically ideal ratio (i.e. the stoichiometric 
ratio). In a petrol engine the carburettor attempts to provide this air-fuel ratio. Petrol 
engines are said to be QUANTITY governed i.e. an approximately constant air to fuel ratio 
is maintained by the carburettor and the torque (the fundamental power output of an 
2 
internal combustion engine) is determined by the amount of air-fuel mixture admitted to the 
combustion chamber (Rogers and Mayhew, 1992). 
In the diesel engine air is compressed, this raises the air temperature. When the piston 
reaches the minimum volume position, top dead centre (TDC) the air temperature is such 
that when liquid fuel is sprayed into the combustion chamber in droplet form the fuel will 
self ignite. Hence, diesel engines are known as compression ignition (Cl} engines. To 
achieve compression ignition the compression ratio is between 20 and 22 to I. If the 
compression ratio in a spark ignition engine exceedes 9 the air fuel mixture tends to explode 
prematurely. Thermal efficiency is linked to compression ratio according to Equation 1.1. 
11th = I - 1 
rv1- 1 
Where: 
11th = Thermal efficiency 
rv = Compression ratio 
y-1 = Ratio of specific heat of gas at constant pressure to that at constant volume 
Equation 1.1 Thermal efficiency (Benson and Whitelwuse, 1979a) 
Consequently the higher compressiOn ratio m diesel engmes leads to a greater thermal 
efficiency and therefore better fuel economy. Diesel engmes are said to be QUALITY 
governed, i.e. the air to fuel ratio varies for different speed and load conditions and this 
detemines the torque (Rogers and Mayhew, 1992) 
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The combustion processes within a modern high speed diesel and a petrol engme 
approximate to the dual cycle. The dual cycle being a duel heat transfer (combustion) 
process, partially at constant volume, partially at constant pressure (Figure I. I). 
eat transfer (combustion) 
8 
2 
Exhaust 
o~o--~~~--------~--~--~-------0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Vohune (litres) 
Figure 1.1 Dual heat transfer combustion cycle. Heat transfer (combustion) occurs 
partially at constant volume and partially at constant pressure (Hat/dad and Watson, 
1984) 
In petrol engines the pressure rise because of combustion is comparatively rapid (relative to 
piston speed) and the cycle can be reasonably approximated by the constant volume or 
OTTO cycle (Figure I .2). 
eat transfer (combustion) 
8 
~ 6 
Expansion 
2 
Exhaust 
o~o--~~~--------~--~--~-------0.2 0.4 0.6 0.8 I .0 1.2 1.4 
Volwnc (litres) 
Figure 1.2 OTTO combustion cycle, heat transfer occurs at con.~tant volume, there is no 
constant pressure combustion (Haddad and Watson, 1984) 
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During the ideal (or true) diesel cycle heat transfer occurs at constant pressure. There is no 
constant volume heat transfer (Figure 1.3). 
Heat transfer (combustion) 
2 
Exhaust 
Do 0.2 0.4 o.6 o.s 1.0 1.2 1.4 
Volwne (litres) 
Figure 1.3 True diesel or constant pressure cycle. There is no constant volume heat 
transfer (Haddad and Watson, 1984) 
1.3 Types of Diesel Engine 
Diesel engine combustion chamber design must allow combustion to proceed at such a rate 
as to allow all the fuel to bum in the expansion stroke without excessive maximum cylinder 
pressure or excessive rate of pressure rise. A number of methods have been used to achieve 
this (Saito et al., 1986): 
i. Indirect injection engines (IDI) or pre-chamber, 
ii. Direct injection engines (DI) or open chamber engines, 
1.3.llndirect Injection Engines 
In the pre-chamber design, combustion starts m the prechamber, which contains a 
proportion of the total air charge (Figure 1.4a). Mixing of air and fuel is assisted by the 
combustion process (Haddad and Watson, 1984). The pre-chamber has a high fuel to air 
ratio and so combustion is incomplete. The high pressure developed by the early stages of 
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combustion in the pre-chamber projects the unbumed fuel together with the early 
combustion products into the main chamber at high velocity causing rapid mixing with air in 
the space over the piston. 
1.3.2 Direct Injection Engines 
Air fuel mixing is not affected by the combustion process in DI engines (Haddad and 
Watson, 1984) but depends upon the spray characteristics of the fuel introduction and the 
air motion (Murayama et al., 1986). The spray characteristics of the fuel injector must be 
carefully arranged to produce rapid mixing of air and fuel. This is facilitated by the air 
motion in the cylinder; air SWIRL is induced by directing the air inlet tangentially to the 
combustion chamber; air SQUISH is caused by a small clearance space in the piston crown 
producing a radial motion of air (Rao et al., 1993). Figure 1.4b. illustrates the combustion 
chamber design of a direct injection diesel engine. 
1.4 Combustion Processes in a Diesel Engine 
In the automotive field, engines using four or six cylinders and working on a four stroke 
cycle are most common. The sequence of operation in a four stroke diesel engine is as 
follows (Haddad and Watson 1984; Benson and Whitehouse, 1979a): 
1) Inlet stroke, air is drawn into the cylinder. 
2) Compression, the air is compressed and becomes hot. 
3) Injection, fuel is sprayed into the hot air, ignites and bums. The high pressure forces 
down the piston (expansion stroke). 
4) Exhaust, the burnt gases are evacuated. 
The four stroke cycle is performed once every two revolutions of the engine crankshaft. 
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The injection and combustion of the fuel takes place in four stages (Haddad and Watson, 
1984). The first being ignition delay. During this period the fuel is sprayed into the 
combustion chamber as an atomised spray mixing it with air. The atomised fuel is heated 
and evaporates, this represents a physical delay. The cylinder pressure is relatively 
unaffected by the presence of the injected fuel (Figure 1.5). During the ignition delay the 
chemical reactions proceed so slowly that no effect is discernible, representing a chemical 
delay. The physical and chemical delay overlap one another. The rate of the chemical 
reactions increase as the air and fuel become more intimately mixed (Benson and 
Whitehouse, 1979a,b ). 
The evaporated fuel is then ready for rapid combustion which produces a sharp rise in 
pressure (Figure 1.5, 2"d stage). Ignition in one place will lead to ignition elsewhere. The 
rate and quantity of combustion in the second stage is dependant upon the duration of the 
delay period. This stage is known as premixed combustion and proceeds at approximately 
stoichometric conditions (14. 7: 1, air: fuel), characterised by cleaner more complete 
combustion than at later stages in the combustion process (Tancell, 1995). 
Once all the premixed fuel has been consumed the rate of combustion falls to a value that 
can be maintained by the fuel being injected into the combustion chamber (Figure 1.5, 3'd 
stage). The conditions are controlled by the mixing of the injected fuel with oxidant. 
Particles are formed during this diffusion controlled combustion stage. The flame 
propagates towards the core of the fuel spray. The local air:fuel ratio at the flame core is 
fuel rich and beyond the rich limit of combustion, leading to incomplete combustion of fuel 
and soot formation. 
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a) 
eating-plug 
b) 
Injector , 
Figure 1.4 a) Indirect injection and b) direct injection diesel combustion chamber 
(Tancell, 1995) 
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At the very edges of the fuel spray the mixture may be too lean for combustion and 
significant pyrolysis of the fuel may occur (Figure 1.6) (Bamard and Bradley, 1985). Once 
all the fuel has been injected, combustion continues at a diminishing rate as the fuel and 
oxygen are consumed (Figure 1.5, 4th stage). 
1.5 Emissions from Diesel Vehicles 
With the predicted increase in the number of diesel vehicles in the passenger car fleet and 
the introduction of stricter limits on the emissions of pollutants from petrol vehicles, 
emission of pollutants from diesel vehicles will become relatively more significant in the 
future (QUARG, 1993). 
Diesel exhaust components are classified as either gaseous, vapour phase or particulate. The 
major gaseous phase compounds present in diesel exhaust are carbon dioxide (C02), carbon 
monoxide (CO), sulphur dioxide (S02) and oxides of nitrogen (NOx). The principle vapour 
phase component is water vapour, which can react with S02 and NOx to form sulphuric and 
nitric acid. Unbumed fuel hydrocarbons (UHCs) and pyrosynthesised hydrocarbons are also 
present in the vapour phase. Particulate emissions are a mixture of organic and inorganic 
compounds (Tancell, 1995). The origin of S02, NOx, UHCs and particulates are detailed in 
the following sections. 
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Key: 
1st stage = ignition delay 
2nd stage = rapid combustion 
3rd stage= lower rate of combustion 
4th stage= tail of combustion 
Compression curve 
Top dead centre (TDC) 
4th stage 
.. 
Expansion curve without 
combustion 
Crank angle 
Figure 1.5 Stages of diesel combustion (Haddad and Watson, 1984) 
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0R = rich flammability limit for combustion 
0L = lean flammability limit for combustion 
Figure 1.6 The fuel spray distribution from a direct injection diesel engine (Tancell, 
1995) 
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1.5.1 Sulphur Dioxide (S02) 
When fuel is burnt, most of the sulphur is converted to sulphur dioxide (S02). However, a 
smaller amount is oxidised to sulphur trioxide which combines with water and other 
compounds in the exhaust forming sulphuric acid and sulphates which contribute to total 
particulates (QUARG, 1993). The emission of S02 is controlled by the amount of sulphur in 
the fuel. Diesel has a higher sulphur content than petrol, therefore levels of S02 emission 
from diesel vehicles are greater than those from petrol vehicles. 
Oxidation catalysts used to reduce particulate and volatile hydrocarbon emissions promote 
oxidation of sulphur dioxide to sulphur trioxide, thus increasing the proportion of sulphur 
emitted in particulate form. With current levels of sulphur (0.3% wt/wt) this can cause a 
three fold increase in the level of particulates when a catalyst is used (QUARG, 1993). The 
EEC directive 93112/EEC requires the widespread use of low sulphur fuel (0.05% wt/wt) 
by 1 October 1996 allowing the development and use of oxidation catalysts in the reduction 
of particulate emissions (CONCA WE, 1994). 
1.5.2 Nitrogen Oxides (NOx) 
Nitrogen oxide is an umbrella term for nitric oxide (NO) and nitrogen dioxide (N02) 
produced during combustion. Most nitrogen oxides are emitted as the less toxic nitric oxide, 
which are rapidly converted in the air into nitrogen dioxide (Friends of the Earth, 1990). 
Nitrogen oxides are formed from the oxidation of nitrogen containing compounds in the fuel 
and from nitrogen naturally present in the air. The mechanism of nitric oxide formation is 
based on the Zelodovich scheme (Barnard and Bradley, 1985; Figure 1.7). 
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Oz 
O"+Nz 
N"+ 0 2 
'"i'=~ 20" 
:;;r====:!~ N 0 + N. 
:;;r:====~ No + o· 
Figure 1. 7 Zelodovich scheme for the formation of nitric oxide 
The reaction to split the N2 triple bond has a high activation energy (303 kJ mol"1) in the 
forward direction, thus any reduction in the flame temperature sharply reduces the 
production of nitric oxide (Bamard and Bradley, 1985). Nitric oxide production depends on 
the mixture composition and reaches a peak on the lean side of air: fuel stoichiometry. 
Nitric oxide may also be formed by the prompt NO mechanism (Campbell et al., 1981). 
This can occur at lower temperatures as the splitting of the nitrogen triple bond is catalysed 
by species resulting from fuel fragmentation e.g. ·eH, ·cH2 , ·c2H (Tancell, 1995; Figure 
1.8). 
tH+Nz HCN+N" 
tH2 + N2 HCN+NH 
"NH+bH "N +H20 
HCN+bH tN +H20 
tN+Oz NO+CO 
"N + Oz NO +'0 
Figure 1.8 Prompt formation of nitrogen oxide 
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The thermal decomposition of fuel containing nitrogen compounds yields HCN, N", "CN 
and "NH, these species will undergo prompt formation of nitrogen oxide according to the 
reactions in Figure 1.8. 
1.5.3 Hydrocarbons (and other Organic Compounds) 
The unburned hydrocarbon composition in exhaust enusswns includes hydrocarbons 
contained in fuel surviving combustion and hydrocarbons that have been formed during 
combustion i.e. pyrosynthesised hydrocarbons. The survived and pyrosynthesised 
. hydrocarbons are referred to as total recovered hydrocarbons. Diesel engines emit 
considerably less unburned hydrocarbons than petrol engines because of their higher thermal 
efficiency owing to their higher compression ratios (Section 1.2). However, emission of 
PACs is greater for diesel vehicles than petrol vehicles (QUARG, 1993). 
Unburned hydrocarbons are formed where the air:fuel ratio is richer or leaner than that 
required for combustion. This occurs at the fuel rich core of the fuel spray where the air:fuel 
ratio is richer than the rich limit for combustion and at the periphery of the fuel spray where 
the air:fuel ratio is leaner than the lean limit of combustion (Figure 1.6). Unburned 
hydrocarbons are also formed in regions where the flame impinges on the combustion 
chamber wall and heat transfer and radical destruction processes quench the flame. In all 
these regions considerable chemical reactions occur resulting in the formation of products 
by the partial oxidation and pyrolysis of the fuel (Campbell et al., 1981 ). 
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Unbumed hydrocarbon concentration decreases as the mixture is made leaner, although 
with over lean mixtures there is a rapid increase in unbumed fuel. A leaner air to fuel 
mixture also serves to increase the level of nitrogen oxides. 
1.5.4 Particulate Matter 
Motor vehicles are responsible for approximately 40% of the UK national total suspended 
particulate emissions. Diesel vehicles constitute approximately I 0% of the motor traffic in 
the UK but produce at least 90% of the vehicle generated particulates (Watkins, 1991). The 
composition of diesel particulates produced by direct injection and indirect injection engines 
is given in Figure 1.9 (QUARG, 1993). 
The composition of diesel particles differs considerably from those of spark ignition 
vehicles. The particulates emitted from spark ignition engines consist mainly of inorganic 
lead compounds created by the combustion of lead additives. With the decrease in the use 
of lead in petrol vehicles this will further reduce the particulate emissions from this source. 
Diesel particulates are produced by the formation of carbonaceous nuclei. Frenklach et al. 
(1983, 1984, 1990) have proposed a mechanism for the formation of these carbonaceous 
nuclei, the initial step being the formation of phenyl radicals by the pyrolysis of the fuel. 
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Figure 1.9 Typical composition of diesel particulate matter (QUARG, 1993) 
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Acetylene molecules add to the phenyl radical and with hydrogen elimination and cyclisation 
form naphthyl radicals (Figure 1.1 0). This process continues with the P AH compounds 
eventuaiJy growing large enough to appear as soot. Soot being defined as a mass of carbon 
greater than the mass of coronene (Lam et al., 1988). These particles grow and reach 
diameters between 0.001 to 0.01 j.lm and agglomeration of these carbonaceous nuclei form 
spherical soot particles (0.01-0.05 J.lm in diameter). These then coagulate to form sponge 
like clusters and chains having a large surface area (50-200 m2 g- 1 soot) (Scheepers and 
Bos, 1992a.). The quantity of soot emitted depends upon how rapidly the soot formed 
during the combustion process is destroyed by oxidation in the expansion stroke. Oxidant 
species include 02 and "OH and less reactive molecules such as C02 and H20. 
Sulphur trioxide can combine with water vapour in the tail pipe to form sulphuric acid 
vapour which can condense on particulates as sulphate and add to the mass of the 
particulates {TanceiJ, 1995). 
The soluble organic fraction of soot particles is formed by the adsorption of hydrocarbons 
to soot particles (Watkins, 1991 ). The contribution of unburned and pyrosynthesised fuel 
components and lube oil is influenced by engine conditions. The fuel contribution to the 
soluble organic fraction is greatest at low power, where poor fuel atomisation lowers 
combustion efficiency. Lube oil contribution is greatest at low load and high speed where oil 
consumption is high but in cylinder temperatures are low and the lube oil is not completely 
combusted {TanceiJ, 1995). 
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Figure 1.10 The formation and growth of a naphthyl radical from C1 species as 
proposed by Frenklach et aL (1984, 1990). The formation of PAR from the naphthyl 
radical follows the same route as that from phenyl radical to naphthyl radical 
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1. 6 Effects of Emissions from Diesel Engines 
The emissions from diesel vehicles may have a detrimental effect on health and the 
environment (Scheepers and Bos, 1992b.; Watkins, 1991; QUARG, 1993; Driscoll et al., 
1996). In city streets where the level of diesel emissions may be high, large numbers of 
people and buildings are directly affected. The polluted air may also have an effect on rural 
populations and environments by windward dispersion and precipitation events. The effects 
of a number of the components of diesel exhaust are considered in the following sections. 
1.6.1Sulphur Dioxide (S01) 
Sulphur dioxide is an irritant exhaust gas causmg obstruction to lung ventilation by 
bronchoconstriction (Scheepers and Bos, 1992b ). A number of studies on workers 
occupationally exposed to high levels of so2 have shown adverse effects to exposure 
(Wolff et al., 1984; Gamble et al., 1987a,b). For example, a study by Gamble et al. (1987a) 
on diesel bus garage workers showed difficult or laboured breathing, chest tightness and 
wheezing compared to a control population. 
Sulphur dioxide can readily be oxidised to form sulphuric acid, either in the atmosphere 
where it is present as an acid aerosol in droplets or in solid particles which can be 
incorporated into clouds to form acid rain. The damage associated with acid rain includes 
effects on vegetation, aquatic life and building materials (QUARG, 1993). 
1.6.2 Nitrogen Oxides (NOx) 
The maximum exposure levels to NO and N02 over an eight hour period are 25 ppm and 5 
ppm, respectively (Watkins, 1991). This is because N02 is significantly more toxic than NO. 
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Exposure to high levels of N02 causes increased air way resistance in asthmatics and 
decreased pulmonary function (Gamble et al., 1987a). Oxides of nitrogen and their reaction 
products contribute to the formation of photochemical smog, acid deposition and the 
greenhouse effect (QUARG, 1993). 
1. 6.3 Hydrocarbons (and other Organic Compounds) 
This group of pollutants contains a wide range of compounds varying m quantity and 
toxicological significance, ranging from non-toxic compounds, e.g. methane, to highly toxic 
compounds, e.g. 4-hydroxybiphenyl (QUARG, 1993). A number of hydrocarbon 
compounds found in urban air and in diesel engine exhaust are carcinogenic, these include 
1,3-butadiene and a range ofPAH compounds (Williams et al., 1986). Diesel exhaust has 
been classified by the international agency for research on cancer as probably carcinogenic 
to humans, meaning there is limited evidence for carcinogenicity in humans (IARC, 1989). 
Groups of workers occupationally exposed to diesel fumes (e.g. railroad workers, truck 
drivers, bus drivers and taxi drivers) have shown an increased incidence of lung cancers 
(Silverman et al., 1983, 1986; Howe et al., 1980). Increased incidences of bladder cancer 
have also been observed in the above group of workers. However, other studies (e.g. Iyer et 
al., 1990) have shown no statistically significant link between bladder cancer and 
occupational exposure to diesel exhaust emissions. 
Chronic inhalation studies with rodents exposed to diesel exhaust particles have shown the 
level of tumours reported cannot be explained by the concentration of parent P AH present 
and may be explained by alkylated P AH and/or the soot particles (Pott and Heinrich, 1990). 
Glatt et al. ( 1990) have proposed that alkylated P AH may be as strong as or even more 
mutagenic than parent P AH. Henderson et al. ( 1984) used selected P AH dissolved in an 
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aliphatic solvent (n-hexadecane) as a fuel in a single cylinder diesel engine to examine the 
relationship between diesel fuel aromaticity, PAH content and mutagenic activity associated 
with the soluble organic fraction of diesel soot. These authors showed the soluble organic 
fraction of emissions from n-hexadecane fuel spiked with 1-methylnaphthalene increased the 
direct mutagenasis by SS% compared to emissions from hexadecane fuel. Phenanthrene and 
benzo[a]pyrene were shown to reduce the mutagenic activity of the soluble organic fraction 
of the exhaust by 70% and SS% respectively. Murata et al. ( 1993) have demonstrated the 
mutagenic potential of 1-methylnaphthalene in B6C3F I mice. Male mice given diets 
containing 1-methylnaphthalene for 81 weeks developed pulmonary alveolar tumours. 
The role of hydrocarbons in atmospheric photochemistry is important, as they influence the 
rate of formation of photochemical oxidants. Hydrocarbons are scavenged by hydroxyl 
radicals, to produce organic peroxy radicals which produce ozone and N02. The oxidation 
of hydrocarbons ultimately to. C02 implicate hydrocarbon emissions in the global warming 
mechanism (QUARG, 1993). 
1. 6.4 Particulate Matter 
There are a number of concerns over particulate emissions from diesel vehicles. Until 
recently the primary concern was particles acting as vehicles for the transport of known 
carcinogens, e.g. PAH into the lung cavity (Driscoll et al., 1996). Between SO% and 80% of 
diesel particles are submicron (0.02 to O.S J.lm in diameter). These are easily inhaled into the 
alveolar region of the lung, making clearance of the particles difficult, and increasing 
exposure times to the potentially mutagenic substances contained in the soluble organic 
fraction of the particle (Davies, 1994). King and eo-workers (1981) have shown the 
mutagenic substances adsorbed to diesel particles may be released into body fluids such as 
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serum and lung cytosol, potentially making the mutagenic substances bioavailable (King et 
al., 1981). More recently a number of independent studies have indicated that it may not be 
the adsorbed carcinogens that produce carcinomas but the particles themselves. Pepelko and 
Chen ( 1993) report that the low concentrations of P AH contained in the SOF of diesel 
particulates were unlikely to be responsible for the degree of tumorogenic responses seen at 
the concentrations of diesel exhaust used in their study. Further to this the site of tumour 
induction by carcinogens known to be present in diesel exhaust differ from those actually 
induced by diesel exhaust. This does not mean that the organic fraction has no effect, rather 
they may initiate the production of tumours which are further promoted by particles. 
Pope et al. ( 1992) showed a significant correlation between respirable particulate pollution 
(particulate matter less than 10 !J.m in diameter; PM 10) and daily mortality rates from all 
causes in Utah county (situated in north-central Utah). There was shown to be no 
observable threshold level for this effect, with a I 0 !J.g m-3 rise in PM10 levels producing a 
1% rise in mortality. This effect has also been seen from re-analysis of data collected during 
London smog episodes (QUARG, 1993). Seaton et al. (1995) suggest a mechanism for the 
. link between particulate air pollution and the exacerbation of illness in people with 
respiratory disease and an increase in the number of deaths from cardiovascular and 
respiratory disease among older people. These authors suggest that acidic ultra fine 
particles, typical of diesel combustion, provoke alveolar inflammation which causes acute 
changes in blood coagulability and the release of mediators able to provoke attacks of acute 
repiratory illness in susceptible people. Blood changes result in episodes of cardiovascular 
disease in the most susceptible. 
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1. 7 Vehicle Emission Legislation 
European light duty diesel vehicle emissions legislation will be considered in this section as 
this governs the level of UK passenger vehicle emissions. European legislation has 
developed from the introduction of ECE Regulation 15 (ECE R15) by the United Nations 
Economic Commission for Europe (UNECE) in 1968, to the most recent European 
Directive 94/12/EEC (Watkins, 1991). The original legislation, ECE R15, was only 
applicable to petrol vehicles less than 3. 5 tonnes in weight and mandatory only in signatory 
countries. The ECE R15 specified maximum emission rates for carbon monoxide and 
hydrocarbons of 100-220 g tesf1 and 8.0-12.8 g tesf1, respectively over the European 
driving cycle, tests were performed on a chassis dynamometer over simple acceleration and 
deceleration patterns. This cycle was designed to simulate the urban driving environment 
and is illustrated in Figure 1.11 (Watkins, 1991 ). The ECE R 15 was later adopted by the 
European Economic Community in 1970 as directive 70/220/EEC, EEC directives having 
the advantage of being compulsory in all member states. 
Directive 83/351/EEC, was the first directive to include light duty diesel vehicles, a later 
directive put limits on the levels of particulate emissions from diesel vehicles (directive 
88/436/EEC,). The current EEC directives in force for light duty vehicles are directive 
911441/EEC and 94112/EEC (Table 1.1). According to directive 91/441/EEC referred to as 
the 'Consolidated Emissions Directive' exhaust emission standards have to be certified 
according to the combined ECE R 15 (urban cycle; Figure 1. 11) and the extra urban driving 
cycle (EUDC; Figure 1.12) which simulates a period of'out of town driving' (CONCAWE, 
1994). It is considered that more stringent emissions standards may be introduced for 
passenger cars around the year 2000. There may also be tighter fuel specifications as the 
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increasing improvements In engine technology means the impact of fuel on exhaust 
emissions will become greater (QUARG, 1993). 
The effect of reducing emissions by increased legislation is to improve air quality. If the 
number of new diesel car sales remains at the current level of approximately 20% (Langley, 
1996) the more stringent legislation being introduced (directives 91/441/EEC and 
94/12/EEC) will half road transport emissions of NOx, particulate, hydrocarbons and CO. 
However, if there was to be a dramatic increase in the sale of diesel cars there would be 
little or no improvement in the levels of particulate emissions from road transport. 
Table 1.1 Limits for the Consolidated Emissions Directive (911441/EEC) and Directive 
94112/EECfor light duty vehicles less than 3.5 tonnes (Test method ECE RJS + EUDQ 
(CONCAWE, 1994) 
Vehicle Effective Type approval' Conformity of productionb 
date 
CO HC+NOx Pm Evap CO HC+NO, Pm Evap 
gkm'' gkm'' gkrn'' gtesr1 gkm'' gkm'' gkrn'' gtesf1 
IDI diesel Current 2.72 0.97 0.14 2.0 3.16 1.13 0.18 2.0 
DI diesel Current 2.72 0.97 0.14 2.0 3.16 1.13 0.18 2.0 
Gasoline Current 2.2 0.5 - 2.0 All production must meet type 
IDI diesel 1.1.97 1.0 0.7 0.08 approval limits 
DI diesel 1.1.97 1.0 0.9 0.1 
DI diesel 1.10.99 1.0 07 0.08 
Note: 
I. From 1.7.92, member states could no longer grant type approval against previous Directives. 
2. For vehicles fitted with pollution control devices an additional durability test is required. This comprises 
an ageing test of 80,000 km. 
' Type approval requires that new model engines or vehicles be tested and that emission rates do not exceed 
limit values before sale is permitted. 
b Emissions rates of vehicles currently in production must not exceed limit values for sale to be pennitted. 
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1.8 Exhaust Gas Sampling Techniques 
Exhaust emissions are typically measured using a dilution tunnel sampling system (Figure 
1.13). This system is employed by the environmental protection agency (EPA) and the EEC 
to quantify levels of emissions from vehicles during type approval and conformity of 
production certification. The vehicle to be tested is installed on a chassis dynamometer and 
the vehicle exhaust is connected to the dilution tunnel. During sampling with a dilution 
tunnel the exhaust gas is diluted with air to produce a constant volume of exhaust gas. 
Particulate measurement of the exhaust is achieved by a particulate development tunnel 
situated ahead of the constant volume sampler (CVS). The exhaust gas in the particulate 
development tunnel is passed through a glass fibre filter maintained at 52°C where 
particulate emissions are collected. From the main diluted stream of exhaust gas a small 
sample is taken at a constant flow rate to a sample bag (1 m square) The sample bag and 
those of an ambient air sample bag are analysed at the end of the test (Watk.ins, 1991 ). The 
dilution tunnel was designed to mirror the natural dilution and cooling of exhaust gas as it 
leaves the tail pipe. 
A number of researchers analysed the soluble organic fraction of the particulate matter 
collected by dilution tunnel systems to study P AC emissions from diesel engines (Kraft and 
Lies, 1981; Williams et al., 1986, 1987, 1988, 1989; Andrews et a/, 1989). The use of a 
dilution tunnel to study P AC emissions has a number of disadvantages: 
I. The filter will not effectively sample P AC which remain in the vapour phase. 
Henderson and eo-workers ( 1984) used a dilution tunnel system to sample exhaust 
from the combustion of a hexadecane fuel spiked with 1-methylnaphthalene. They 
found no naphthalene (as might be expected by the cleavage of the methyl group) or 
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1-methy1naphtha1ene (owing to it surviving combustion), as both compounds remain 
in the vapour phase during sampling (Rhead and Pemberton, 1996). 
2. The PAC collected on the filter may undergo secondary reactions with exhaust 
gas (artefact formation). Gibson et al. (1981) studied the mutagenic effects of the 
P AH and nitro P AH derivatives associated with the SOF of diesel particulates. 
These authors demonstrated that re-exposing particulates to filtered exhaust doubled 
their mutagenic activity and increased the concentrations of 1-nitropyrene and 6-
nitrobezo[a]pyrene when compared to standard exhaust particles. Lee et al. (1980) 
showed that benzo[a]pyrene spiked on to glass fibre filters could be oxidised by 
exhaust gas. They showed that this effect could be reduced by using more inert filter 
surfaces, e.g. Teflon. 
3. Resuspension of particulates contained in the dilution tunnel. Andrews et al. 
( 1989) demonstrated that the P AH emissions from the combustion of a hexadecane 
fuel were derived from particulate P AH deposited on the exhaust and dilution tunnel 
walls and not from pyrosynthetic reactions in the combustion chamber. 
Thus dilution tunnels are ineffective when studying low molecular weight P AC such as 
naphthalene and alkylated naphthalenes and do not produce samples representative of the 
emissions as they leave the combustion chamber, making dilution tunnels ineffective when 
studying combustion and engine effects on emissions. Other exhaust sampling systems have 
been reported in the literature. These include a system by Kraft and Lies ( 1981) which first 
condenses the exhaust gas on a glass heat exchanger, and then passes the exhaust through a 
glass fibre filter material. After the test the sampling system is cleaned with acetone. This 
system produces three samples: 
I. The condensed material. 
2. The material collected by filtration. 
3. Material washed off the condenser with acetone. 
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With this system the majority of the sample is continuously exposed to a stream of exhaust 
gas, exposing the P AC to the risk of artefact formation. Methods for sampling straight from 
the combustion chamber have been developed by a number of workers (Pipho et al., 1986; 
Barbella et al., 1990). The method used by Pipho involved cutting a diaphragm in the 
cylinder wall at selected times during the combustion cycle allowing the contents of the 
cylinder to rush out into a sampling bag. Barbella et al. (1990) used a fast sampling valve 
located in the combustion chamber. The sample valve was remotely actuated at specific 
times in the combustion process, this was repeated over 10,000 cycles to produce a sample 
large enough for chemical analysis. The sampling system used in this research was the total 
exhaust solvent scrubbing apparatus (TESSA) developed by Petch et al. (1987) and 
validated by Trier et al. (1988). This system has been shown to collect volatile exhaust 
hydrocarbons more efficiently than the conventional dilution tunnel system. This is 
important if the PAC emissions are to be quantitatively and qualitatively characterised. 
Details ofTESSA are given in Section 2.3.2. 
1. 9 Control Measures for Exhaust Emissions 
Engine design and management have been shown to have a considerable influence over the 
levels of emissions from diesel vehicles. With the introduction of increasingly stringent 
exhaust emissions legislation there is a requirement for other methods of emissions control. 
Exhaust gas after treatment can be used as one means of reducing emissions. Another 
technique is to specify the fuel quality, as fuel quality has been shown to have an effect on 
the nature of emissions (Wauquier, 1995). Increasing the standards of fuel quality may serve 
to improve the nature of exhaust emissions, thus fuel manufactures will increasingly be 
forced to adopt new standards of fuel quality. 
29 
1.9.1 Engine Design and Management 
The composition of the air:fuel mixture and the timing of the fuel injection are the main 
factors which govern the character of emissions. In regions where the air:fuel ratio IS 
outside the limits for combustion, i.e. too lean or too rich, the combustion of fuel 1s 
incomplete and high levels of hydrocarbons are present in the exhaust emissions (Figure 
1.6). As the air:fuel ratio approaches the stoichiometric value (14.7:1) the combustion 
efficiency increases and the levels of hydrocarbons present in the emissions are reduced. The 
improved combustion efficiency increases the combustion temperature and produces an 
increase in the level of nitrogen oxides, as nitrogen oxide formation occurs near high 
temperature reaction zones (Camp bell et al., 1981 ). If over lean mixtures are formed the 
combustion temperature falls, reducing production of oxides of nitrogen. Thus engine 
management is a compromise- between levels of hydrocarbon emissions and oxides of 
nitrogen 
Murayama and eo-workers ( 1986) demonstrated that combustion chamber geometry had a 
significant effect on emissions. The optimum gas emissions, e.g. hydrocarbons and nitrogen 
oxides, and fuel consumption were achieved when the combustion chamber had a ratio of 
combustion cavity depth to cavity width (aspect ratio) of0.4. Greeves (1979) demonstrated 
that faster injection rate reduce hydrocarbon emissions due to increased rate of fuel to air 
mixing. This improves combustion efficiency and increases combustion temperature 
therefore increasing the production of nitrogen oxides. Retarding fuel injection timing 
lowers the combustion temperature, reducing the emissions of nitrogen oxides, this 
combined with increased injection rate has been shown to decrease hydrocarbon emissions 
without adversely affecting the levels of nitrogen oxides or engine efficiency (Campbell et 
a/, 1981 ). To reduce simultaneously both the emissions of hydrocarbons and oxides of 
nitrogen requires the use of exhaust gas after treatment. 
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1. 9.2 Exhaust Gas After Treatment 
Three-way catalysts reduce carbon monoxide, hydrocarbons and nitrogen oxide emissions 
to produce carbon dioxide, water vapour and nitrogen. These catalysts require the fuel:air 
ratio to be kept very close to stoichiometric (Stone, 1989). As diesel engines operate with 
very lean air:fuel ratios it is not possible to use three-way catalysts in diesel powered 
vehicles although a number of exhaust after treatment systems have been developed or are 
being developed for use in diesel vehicles. 
A significant reduction (40-50%) in hydrocarbon emissions can be achieved by using an 
oxidising catalyst, even with the current levels of sulphur in diesel fuels (0.3 mg litre-1). 
With the legislated reduction in the levels of sulphur in diesel fuels (0.05 mg litre-1, directive 
93112/EEC) oxidation catalysts will be optimised further producing lower hydrocarbon 
emissions. Oxidation catalysts also reduce emissions of CO and remove some of the 
hydrocarbon material associated with particulates (Horrocks, 1993). 
Particulate traps are currently not fitted to production vehicles because there are a number 
of practical difficulties in trap regeneration. A blocked trap would cause high back 
pressures, causing a reduction in engine performance eventually leading it to stall (QUARG, 
1993). There are a number of methods available for trap regeneration: 
I . Burning the particulates using either electric heaters or fuel burners. This gives 
rise to a small fuel penalty (maximum 2%). 
2. The use of catalysts either in the fuel or on a filter. This may change the nature of 
emissions and present a potential health risk (Horrocks 1993; QUARG, 1993). 
The reduction of NOx emissions can be achieved by the use of exhaust gas recirculation 
(EGR). EGR recycles the exhaust gas into the combustion chamber lowering the peak 
combustion temperature resulting in lower NOx emissions. EGR lowers combustion 
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chamber oxygen concentrations and causes an increased production of soot and 
hydrocarbon survival (Haddad and Watson, 1984). EGR can only be used where the air:fuel 
ratio is sufficiently high so as not to cause an increase in hydrocarbon and particulate 
emissions. A well optimised system can produce reductions of all pollutants in addition to 
halving NOx concentrations (Horrocks, 1993). Other methods for NOx reduction are in 
development and include catalytic reduction and catalysed thermal decomposition_ 
1.9.3 Diesel Fuel Quality 
A number of diesel fuel properties are thought to influence the character of emissions from 
diesel engines (Ryan et al., 1981).The major fuel properties of interest are the fuel cetane 
number; the physical properties - volatility, viscosity and density; aromatic content and 
sulphur content. These properties are highly correlated with one another and, as such, make 
it difficult to relate emission trends to any single parameter. A number of studies have been 
conducted to investigate the influence of these properties on exhaust emissions. 
Wall and Hoekman ( 1984) tested 42 fuels on one DI diesel engine under steady state 
conditions to demonstrate the effect of fuel composition on diesel particulate emissions and 
concluded that particulate emissions were primarily influenced by sulphur content, aromatic 
content and volatility. Fuel sulphur was the dominant factor. Yoshida et al. ( 1986) showed 
that the percentage aromatic ring carbon content (%CA) of diesel fuel considerably affected 
CO, hydrocarbon, NOx and particulate emissions. The %CA was shown to correlate closely 
with cetane number and as a result cetane number was also shown to have a similar affect 
on the aforementioned emissions. No reason for this aromatic effect was postulated. A later 
piece of work by Beckhovan ( 1991) reviewed the information available on the effects of 
fuel properties on diesel engine emissions. Beckhovan concluded that fuel volatility or 
viscosity only had a slight effect on emissions. Sulphur content was shown to have a 
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considerable effect on particulate emissions. No significant effect was attributable to the 
aromatic content of the fuel. Cowley et al. ( 1993) used test fuels which decorrelated the key 
fuel properties (fuel cetane number; the physical properties - volatility, viscosity and density; 
aromatic content and sulphur content) and demonstrated the fuel properties which most 
influenced emissions were sulphur content, density and cetane number. 
The majortiy of sulphur contained in diesel fuel is converted to sulphur dioxide (S02) during 
combustion. A smaller amount is oxidised to sulphur trioxide which combines with water 
and other compounds in the exhaust forming sulphuric acid and sulphates which contribute 
to the total particulate mass of the exhaust (QUARG, 1993). 
Fuel delivery and vaporisation are influenced by volatility, viscosity and density. A less 
volatile, more viscous, fuel would produce poorer combustion than a higher quality fuel. 
The increased density would cause over fuelling. These combined effects lead to increased 
fuel consumption (on a mass basis) and increased particulate and hydrocarbon emissions 
Fuel cetane number determines the period of ignition delay, the period between injection of 
the fuel and the onset of combustion. The lower the cetane number the longer the period of 
ignition delay. This increases the time available for vaporisation of the fuel and the 
development of overlean combustion mixtures, leading to increased emissions of 
hydrocarbons. 
Total aromatics were shown to produce no attributable effects on the particulate emissions 
from diesel vehicles in the study by Cowley et al. ( 1993). However, triaromatic components 
were shown to have a slight influence on particulate emissions. Early work by Assauni et al. 
( 1992) demonstrated that the dicyclic and other polycyclic compounds increased the 
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emission of particulates, NOx, CO and hydrocarbons although the specific influence of the 
aromatics was not clarified. A decorrelation study by Naber et al. ( 1993) found the main 
factors influencing emissions to be fuel density and sulphur content. These authors found 
that variation in particulate emission to be dependant on polyaromatic content, with an 
increase in polyaromatic content producing an increase in the mass of the particulate 
emission. This is not surprising when the role of P AH in the formation of particulates is 
considered (Section 1.5.4). 
Owing to the effect of fuel quality on emissions there is a degree of legislative control on 
diesel fuel quality. European legislation on diesel fuel quality was first introduced in 1975 
(directive 75/716/EEC). This regulated the fuel sulphur content to 0.3% wt/wt. Since then 
more stringent legislation has been introduced (directive 93/12/EEC) with a maximum limit 
of 0.05% wt/wt sulphur being implemented by the I October 1996. Sweden and Finland 
have introduced their own compositional fuel specifications to try and enhance emissions 
performance (CON CA WE, 1994). 
Finland introduced reformulated diesel fuel on I July 1993. Finlands reformulated diesel 
specifies a reduced sulphur content (0.005 %wt/wt), improved cetane quality ( 47 minimum) 
and imposes an aromatic limit 20%v/v (maximum). Sweden introduced 'Environmental 
Classifications' for diesel fuels on I January 1991 based on sulphur content and 
composition. These were revised on 1 January 1992 (Table 1.2, revised fuel specifications) 
The environmental classifications are supported by tax incentives. 
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Table 1.2 Sweden- 1992 diesel fuel classifications (CONCA WE, 1994) 
Fuel characteristic Urban diesel 1 Urban diesel 2 Standard grade 
Sulphur content %wtlwt 0.001 0.005 0.200 
Aromatics %v/v (maximum) 5 20 -
PAH %v/v (maximum) 0.02 0.1 -
Distillation: 
ffiP (minimum) °C 180 180 -
10% (minimum) oc - - -
95% (maximum) oc 285 295 -
Density (kg m"3) 800-820 800-820 -
Cetane number 50 47 -
1.10 Aims of the Investigation 
The most abundant group of aromatic compounds occurring in diesel fuels are naphthalene 
and n-alkylnaphthalenes (Williams et al. 1986). Naphthalene and n-alkylnaphthalenes 
represent the largest fraction of the PAH contained in the diesel fuel studied (approx. 
11 %wt) and therefore have a potentially greater influence over the characteristics of P AH 
emissions than other P AH contained in the diesel fuel (>3 ring aromatics, 2.3%wt) Hence, 
the main objective of this research was to understand the combustion of naphthalene and n-
alkylnaphthalenes in a DI diesel engine, and to evaluate the sources of these compounds in 
the exhaust emissions. 
The fate of naphthalene and n-alkylnaphthalenes during combustion can be divided into 
three routes: 
I. Conversion to C02 . 
35 
2. Conversion to other hydrocarbon species (pyrosynthesis). 
3. SurvivaL 
Fate 2, and 3 also represent the major sources of these compounds in the emissions, another 
minor source of naphthalene and n-alkylnaphthalenes in exhaust emissions is P AH contained 
in the lubricating oiL Lubricating oil acts as a sink for PAH molecules (Abbass et al., 1987; 
Collier, 1995; Tancell, 1995). The sources of P AH in lube oil are unbumed fuel P AH being 
absorbed directly into the oil and particulates containing P AH being absorbed into the oiL 
These P AH contained in the lube oil act as a minor source of P AH in exhaust emissions by 
the. lubricating oil leaking past the piston rings into the combustion chamber and surviving 
combustion. 
The major sources of unbumed hydrocarbons in exhaust emissions are considered to be 
regions where the air:fuel ratio is above or below the limits for combustion to occur, fuel 
issuing from the nozzle sac and hole volume, and areas of wet fuel impingement on the 
combustion chamber walls (Camp bell et al., 1981) Williams et al. ( 1989) proposed that the 
majority of P AH contained in exhaust emissions are fuel P AH surviving combustion, with a 
small amount of the 4 and 5 ring P AH being formed by pyrosynthesis. Barbell a et al. ( 1989, 
1990) state that the majority of P AH contained in diesel exhaust emissions are P AH 
surviving combustion. In the studies by Barbell a et al. ( 1989, 1990) and Williams et al. 
( 1989) there is no means of distinguishing between P AH surviving combustion and those 
pyrosynthesised during combustion. Work by Tancell et al. (1995b) on the sources of 
benzo[a]pyrene in diesel exhaust emission used radiolabelled benzo[a]pyrene to 
unequivocally determine its fate during combustion and its sources in emissions. It was 
concluded that the major source of benzo[a]pyrene in the exhaust emissions was survival 
while contributions from other sources including lubricating oil and pyrosynthetic sources 
was"' 20%. 
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The other major source ofPAH molecules in exhaust emissions is the pyrosynthesis ofPAH 
molecules from aliphatic compounds and from other P AH molecules. One of the most likely 
reactions that an alkyi-PAH may undergo during diesel combustion is dealkylation to form 
the parent PAH compound (Barbella et al., 1989; Trier et al., 1990; Collier, 1995). It is has 
also been suggested that alkyi-P AH may have a greater tendency to form larger condensed 
aromatic structures during pyrolysis. For example, butylbenzene on combustion has been 
shown to produce benzo[a]pyrene (Badger and Novotny, 1963). Larger condensed 
structures such as these are considered to be precursors in the formation of soot (Crittenden 
and Long, 1973). Alkyi-P AH have a far greater abundance than parent P AH in diesel 
exhaust. The combined carcinogenic effect of these compounds may be more significant 
than that of the more highly carcinogenic, but less abundant, parent P AH (e.g. 
benzo[a]pyrene) (Tancell et al., 1995b ). A number of workers have indicated the possible 
carcinogenic risk from P AH associated with the particulate emissions from diesel exhausts 
(Grimmer and Hildebrandt, 1975; Clark et al., 1982; Cuddihy et al., 1984). In recent years 
the focus has moved away from the particle associated P AH and towards the carcinogenic 
risk posed by the exhaust particulates themselves. A number of authors (Graham et al., 
1975; Frenklach and Taki 1983) have developed models in which aromatic hydrocarbons, 
and especially alkyl-aromatics, were considered to be important intermediates in the 
· formation of soot. Alkyl-aromatic molecules are important intermediates in the formation of 
poly condensed aromatic hydrocarbons (PCAH) owing to the relative ease of formation of 
the aryl radical. Stepwise synthesis with aryl radicals was postulated then to lead to the 
formation of PCAH, this is illustrated in Figure 1.10 and is discussed in Section 1.5.4. 
Atmospheric levels of particulate matter (including soot from internal combustion engines) 
with an aerodynamic diameter equal to or less than I 0 ~m (PM 10 ) have been shown to 
correlate with mortality from respiratory and cardiovascular diseases (Pope et al., 1992) 
although no mechanism was postulated. Soot has also been shown to pose a carcinogenic 
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risk (Pepelko and Chen, 1993) and can act as a carrier of carcinogens (i.e. PAH) into the 
respiratory tract. 
Tancell ( 1995), postulated that the extreme conditions of temperature and pressure 
encountered in a diesel engine combustion chamber may promote dealkylation. This would 
have an effect on the mutagenicity of diesel exhaust if a significant difference in toxicity 
between the parent PAR and its alkylated derivatives exists (Tancell, 1995). Ciajolo et al. 
( 1992) investigated the formation of soot and PAR during the combustion of n-tetradecane 
and n-tetradecane/1-methylnaphthalene in a.diesel engine. Their results showed an increase 
in the emissions of P AH, higher molecular mass species, and soot from the combustion of a 
fuel comprising n-tetradecane spiked with 1-methylnaphthalene. These results suggest a 
dealkylation pathway during combustion and also indicate that alkyl-PAR may be important 
intermediates in the formation of soot. Henderson et a/; (1984) in an experiment also using 
a chemically defined fuel (1-methylnaphthalene dissolved in n-hexadecane) similarly showed 
an increase in the emissions of several PAR accompanied by a greater abundance of soot. 
Early pyrolysis studies by Burrows and Lindsey ( 1961) and later by Badger (1965) 
demonstrated the formation of PAR by pyrolysis of simple aliphatic hydrocarbons. Abbass 
et al. (1988) burned a single component fuel (n-hexadecane) and found the exhaust 
emissions to contain PAR molecules. No conclusions regarding pyrosynthesised PAR could 
be made because of the possible contribution of PAR contained in the lubricating oiL In a 
study by Nelson ( 1989) the major aromatic components contained in diesel exhaust were 
shown to be toluene, phenylacetylerie, styrene, indene, naphthalene, methylnaphthalene and 
acenaphthalene (Figure 1.14). The principal components of the ·fuel were fluorene, 
phenanthrene (Figure 1.14) and their alkylated derivatives, this implies that the PAR 
contained in the exhaust emissions were combustion derived. 
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Figure 1.14 Structures of PAH 
The aims of this research were to unequivocally determine the fate naphthalene and n-
alkylnaphthalenes during combustion and to ascertain their sources in exhaust emissions. All 
the sources of these .compounds in the emissions will be investigated, i.e. PAH surviving 
. combustion, P AH pyrosynthesised during combustion and P AH contained in lubricating oil · 
surviving combustion. This will be achieved by the use of [14C]radiochemical techniques and 
a diesel enriched fuel technique (DEFT) to ascertain both the fate of these compounds 
during combustion and their sources in emissions. The work will focus specifically upon 
naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, 2-ethylnaphthalene and 2-
butylnaphthalene (Figure 1.15). 
39 
Naphthalene 1-Methylnaphthalene 
2-Methylnaphthalene 
2-Ethylnaphthalene 2-Butylnaphthalene 
Figure 1.15 Structures of the PAH used during this investigation 
This research has provided a uruque picture for the fate of both naphthalene and 2-
methylnaphthalene during combustion and their sources in exhaust emissions. It has also 
given. an insight into the reaction mechanisms which operate in the diesel engine combustion 
chamber studied. 
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Chapter2 
Experimental Methods 
2.1/ntroduction 
This chapter describes the sampling techniques used throughout this research and the 
analytical procedures employed in the analysis of diesel exhaust samples. This chapter is 
divided into five sections, the first details the general laboratory procedures used (Section 
2.2). The test facilities and the fuel and oil utilised are described in Section 2.3 and 2.4, 
respectively. The diesel exhaust sampling procedures, including the sampling of 
radiolabelled exhaust, are summarised in Section 2.5, and the effect of lubricating oil on the 
survival and pyrosynthesis ofP AH in the exhaust are outlined in Section 2.6. 
2. 2 General Laboratory Procedures 
2.2.1 Preparation of Glassware and Reagents 
All glassware used was soaked in a 2% solution of Decon 90™ rinsed thoroughly with 
distilled water and oven dried (ll0°C). After drying the glassware was sealed using 
aluminium foil to prevent re-contamination. Immediately prior to use all glassware was 
rinsed (x3) with clean solvent, dichloromethane (DCM). 
The HPLC-grade solvents (dichloromethane, hexane, methanol and acetonitrile) obtained 
from Rathbum Chemicals ltd (Walkerburn, Scotland) were found to be of acceptable purity. 
Purity was routinely monitored by rotary evaporating (Buchi, 40°C, I 00 m!) solvent to ea 
0.5 ml, redissolving the residue in dichloromethane (I ml) and analysis (0.5 111) by gas 
chromatography. 
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Deionised water (Milli-Q) was further purified by solvent extraction. Water (I I) was 
transferred to a separating funnel extracted with DCM (50 ml) and shaken for 5 minutes. 
The DCM layer was removed and the whole process was repeated twice with fi·esh solvent. 
Silica gel and aluminium oxide were activated at 185°C, silica gel (BDH, 60-120 mesh) and 
aluminium oxide (BDH, Brockmann grade l, neutral) used for chromatographic separations 
were pre-extracted (Soxhlet, DCM, 24 hr) and dried ( 40°C) prior to activation. Silica gel 
was activated at l85°C and aluminium oxide at 450°C for 12 hr, followed by cooling in a 
desiccater prior to de-activation by addition of water (pre-extracted Milli-Q) followed by 
homogenisation by mechanical shaking (3-5 hr). The silica was deactivated to 5% (w/w), 
and the aluminium oxide was deactivated to 1.0% (w/w). 
Anhydrous sodium sulphate was prepared by drying pre-extracted sodium sulphate 
(Soxhlet, DCM, 36 hr) in an oven at 185°C for 24 hours and stored in a desiccator to 
prevent rehydration. 
The PAH standards (naphthalene; 1- and 2-methylnaphthalene; 1,2- 1,3- 1,4- 1,5- 1,6- 1,7-
and 2,6-dimethylnaphthalene; I ,3,5-trimethylnaphthalene; fluorene, 1-methylfluorene 
dibenzothiophene; phenanthrene; 3- and 9-methylphenanthrene; fluoranthene; pyrene and 
chrysene) were of greater than 98% purity (by GC). All P AH standards except the 
trimethylnaphthalene standards were obtained from Sigma. Trimethylnaphthalene standards 
for determining RI data were obtained from Professor S. J. Rowland (University of 
Plymouth). Deuterated standards obtained from Aldrich (d8-naphthalene; d 10-2-
methy1naphthalene and dw-phenanthrene) were used to assess experimental losses during 
analytical work-up and rractionation procedures. Deuterated standards were shown by GC 
to be greater than 98% pure. 
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2.2.2 Chemical Class Separation by Silica Column Chromatography 
Adsorption chromatography on gravity flow open columns is widely accepted as the 
standard method for the isolation of the P AC fraction from diesel fuel and exhaust samples 
(Williams et al., 1986; Williams et al., 1988; Trier et al., 1990). The adsorbents used, either 
alumina or silica, must be carefully standardised prior to fractionation to ensure 
reproducible separation. Separation characteristics of adsorbents are controlled by their 
activity and the extent of adsorbent activation or deactivation dictates a balance between 
efficiency, selectivity and solute degradation. The optimum deactivation for alumina is 
between 1.0-l.S%, the optimum activity for a chemical class separation using silica is 
between S-8% (Later et al., 198S)_ 
2.2.2.1 Metlwd. 
Silica was prepared as detailed in Section 2.2.1. Deactivation was achieved by the addition 
of a given mass of water to a known mass of silica (S% H20-Si02). Columns were slurry 
packed with a mixture of silica in n-hexane. The ratio of adsorbent to sample weight was 
100: I. 
The sample was dissolved in a minimum amount of n-hexane and transferred quantitatively 
to the top of the column by Pasteur pipette. Separation was achieved by sequential elution 
with solvents of increasing polarity. n-Hexane (IS ml) was used to elute the aliphatic 
compounds, DCM (IS ml) to elute the non polar P AC and methanol (IS ml) to remove the 
more polar P AC. Each fraction was concentrated by rotary evaporation and transferred to 
clean pre-weighed glass vials and the remaining solvent removed (nitrogen blow-down). 
The aromatic fractions were diluted to S mg mr' for analysis by Gas Chromatography-
Flame Ionisation Detection (GC-FID) and Gas Chromatography-Mass Spectrometry (GC-
MS). 
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2.2.3 Separation of PAC by High Petformance Liquid Cllromatograplly (HPLC) 
HPLC has been used by a number of workers to separate and analyse the P AC contained in 
diesel fuel and diesel exhaust samples (Sonnefeld and Zoller, 1982; Fetzer et al., 1986; 
Davies et al., 1987). The identification of [14C]Iabelled compounds in the fuel and exhaust 
samples must be made using retention index (RI) data. In this study HPLC has been used to 
facilitate the identification of the [14C]PAC in diesel fuel and exhaust which are complex 
chemical mixtures. Semi-preparative normal phase HPLC has been used to separate the 
aromatic fractions into classes of P AC according to ring number. The identification of the 
various PAC isomers, alkyl substituted PAC and [14C]PAH was achieved by separation of 
the ring size fractions using reversed phase HPLC. The detector system used was a UV!VIS 
spectrophotometer in series with a radio-detector. 
Normal phase chromatography separates PAC molecules by polarity leading to a separation 
into classes ofPAC by ring number. Normal phase separation is dictated by the number of 1t 
electrons (double bond equivalents); thus naphthalene (with five pairs of 1t electrons) elutes 
before phenanthrene (with seven pairs of 1t electrons) and after benzene (with three pairs). 
Differences in the individual shapes of the molecules also affects the separation. An isomer 
that has a longer axis will be retained to a greater extent than an isomer which is more 
compact. The number and position of alkyl substituents will influence the retention in 
normal phase separation. Alkyl chains typically reduce the retention time, owing to the 
shielding by the alkyl chain of the aromatic ring from interaction with the bonded phase. 
Reverse phase chromatography separates P AC according to their size and degree of 
planarity. Planar P AC easily fit into the gaps between the sheets of hydrocarbon packing 
material (octadecylsilane, C18) and interact with more of the bonded phase. Less planar 
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molecules interact less with the bonded phase and therefore they elute earlier than more 
planar molecules. 
2. 2. 3.1 Normal Phase Semi-Preparative HPLC 
A ring size separation of the aromatic fraction obtained by silica gel column chromatography 
(Section 2.2.2) was facilitated using normal phase semi-preparative HPLC using amino-bonded 
silica as described by Tancell et al. (1995b). Normal-phase semi-preparative HPLC separations 
were performed using dual pumps (Merck-Hitachi L-6200A intelligent pump and L-6000 LC 
pump) equipped with a UVNIS spectrophotometer (Merck-Hitachi L-4200). The non-polar 
PAC were separated into ring-size on an Nucleosil-NH2 arninosilane column (10 ~ 10 mm i.d. 
x 250 mm, Wise et al., 1977). The solvent gradient consisted of I 00% n-hexane for 20 minutes 
changed to 50% DCM over I 0 minutes and held for a further I 0 minutes (flow rate 2 ml min"1) 
Naphthalene was collected in the fraction containing 2-ring PAC eluting between 16 minutes and 
20 minutes. Fractions were collected manually and concentrated by rotary evaporation under 
reduced pressure. 
2.2.3.2 Reversed Phase Analytical HPLC 
The naphthalene fraction was analysed by reverse-phase analytical HPLC using a binary pump 
(Merk-Hitachi L-6200A intelligent pump and L-6000 LC pump) equipped with a UVNIS 
spectrophotometer (Merck-Hitachi L-4200) and a fluorescence spectrophotometer (Merck-
Hitachi F-1 050) in series. Separations were performed on a polymeric Cts Supelcosil-P AH 
column (5 ~ 4.6 mm i.d. x 250 mm, Supelco Inc.). A gradient elution program of acetonitrile 
(ACN)/water (60/40) to ACN (100%) over 35 minutes followed by 100% ACN for 10 minutes 
was used at a flow rate of2 ml min"1 
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2.2.4 Quantification and Identification of PAC 
After comprehensive separation and isolation of the P AC fraction by open column 
chromatography the PAC fraction (parent PAC and their alkyl substituents) is still complex 
and consists of hundreds of compounds spread over a wide volatility and concentration 
range (Gachanga, 1993). The high resolution of capillary GC and its compatibility with, flame 
ionisation detection, element specific detectors and mass spectrometry makes GC the ideal 
analytical tool for separation of the P AC fraction. 
Quantification of the compounds present in the P AC fraction was achieved using the direct 
method. Other methods commonly used in quantification include normalisation and internal 
. standardisation. The direct method was employed as it suited the nature of the samples and was 
a simple technique to use. Compound identification was made using the modified Kovats 
retention index system devised by Lee et al. (1979). Further confirmation of compound 
identification was made using GC-MS and eo-injection with authentic reference compounds. 
2.2.4.1 Method 
The direct method for quantification relies on the achievement of a consistent sample volume for 
repeat injections. This was achieved using a Scientific Glass Engineering (SGE) 5 microlitre 
synnge. 
A standard mixture containing the relevant pure compounds was prepared. The compounds used 
were: naphthalene, 1- and 2-methylnaphthalene, 2-ethylnaphthalene, 2,6 di-methylnaphthalene, 
2-vinylnaphthalene, 2,3,5-trirnethylnaphthalene, 2-butylnaphthalene, fluorene, phenanthrene. 
Aliquots of this standard mixture were removed and accurately diluted to produce a 
concentration range covering that necessary for the analysis of the unknown samples. The peak 
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areas obtained for each compound were plotted against the known concentration in the mixture 
to produce a calibration graph for each compound (R2 ~ 0.998). The same sample syringe was 
used throughout but cleaned thoroughly between samples to ensure the absence of cross 
contamination. 
To carry out the analysis of the PAC fractions each sample was weighed and accurately diluted 
to a known concentration (5 mg ml-1). The samples were analysed by Gas-Chromatography and 
the concentration of each component corresponding to the peak size was read from the relevant 
calibration graph. A simple correction for the dilution volume and experimental losses calculated 
earlier was made. Peak identifications were made by a retention index study by eo-injection of 
naphthalene, phenanthrene and chrysene with the P AC fraction. The retention indices (RI) were 
calculated from Equation 2.1 (Lee et al., 1979). 
Where: 
RI = Retention index. 
RI= lOO TR(Substance) -TR(CZJ + JOOZ 
TR(CZ+ 1) - TR(CZ) 
1R = Retention time of the substance. 
TR(CZ) + lR(CZ+I) =The RTofthe PAC standards which bracket the component of interest. 
Z = The number of rings of the PAC standard that elutes just prior to the component of interest. 
Equation 2.1 Calculation used for determining RI values of PA C. 
These RI values showed good agreement with those of Lee et al. ( 1979) and Vassilaros et al. 
(1982) (Table 2.1 ). Further confirmation of identifications was made by repeat injection of the 
P AC fraction with a pure sample of the compound under investigation. Additional information 
for compound identifications has come from GC-MS. Conditions for the chromatography are 
given in Table 2.2. 
47 
Table 2.1 Relative retention indicies of aromatic hydrocarbons identified in the aromatic 
fraction of a standard A2 diesel fuel 
No Compound Mol. RI Characteristic 
Wt. Exp. Literature • ions 
I Naphthalene .... , 128 200 200 128 
2 2-Methy1naphthalene a.b.c 142 219.67 220.22 141,142 
3 1-Methylnaphthalene a.b,c 142 222.68 223.0 I 141,142 
4 l/2-Ethy1naphthalene a.o.o 156 237.74 238.55 141,156 
5 2,6/2, 7-Dimethylnaphthalene a.b.c.d 156 239.61 240.28 141,156 
6 1,3-Dimethylnaphthalene a.b.c.• 156 242.19 242.77 141,156 
7 1, 7/1 ,6-Dimethylnaphthalene a.b,c,d 156 242.69 243.30 141,156 
8 2,3/1,4-Dimethylnaphthalene a.o.c,d 156 245.39 246.03 141,156 
9 1,5-Dimethylnaphthalene a.b.c.• 156 245.89 246.92 141,156 
10 Acenaphthylene a.b,c 152 246.54 246.92 152 
11 I ,2-Dimethy1naphthalene a.b.c,d 156 247.96 248.50 141,156 
12 1,3, 7-Trimethylnaphthalene a.o.c,d 170 260.57 n.d. 155,170 
13 I ,3,6-Trimethylnaphthalene a.b.c.d 170 261.33 n.d. 155,170 
14 1,4,6/1,3,5-Trimethylnaphthalene b,c.d 170 263.94 n.d. 155,170 
15 2,3,6-Trimethylnaphthalene a.b,c,d 170 264.36 265.09 155,170 
16 1,2,6/1,6, 7-Trimethylnaphthalene a.o.c.• 170 266.69 n.d. 155,170 
17 Fluorene a.b,c 168 269.26 269.73 168 
18 I ,2,4-Trimethylnaphthalene a.b,c,d 170 270.39 n.d. 155,170 
19 I ,2,5-Trimethylnaphtha1ene a.b.c,d 170 271.17 n.d. 155,170 
20 Methylethylnaphthalene • 170 272.73 n.d. 155.170 
21 9-Methylfluorene b.c 182 273.28 273.79 167,182 
22 Methylethylnaphthalene • 170 275.66 n.d. 155,170 
23 Methylethylnaphthalene b 170 277.55 n.d. 155,170 
24 Methylethylnaphthalene b 170 284.04 n.d. 155,170 
25 Methylethylnaphthalene • 170 286.63 n.d. 155,170 
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No Compounds 
26 2-Methylfluorene "·' 
27 1-Methylfluorene '-"·' 
28 Dibenzothiophene '-"·' 
29 Phenanthrene '-"·' 
30 3 -Methylphenanthrene '-"·' 
31 2-Methylphenanthrene h.c 
32 9/4-Methylphenanthrene o.h.c 
33 1-Methylpheoaothrene "·' 
34 Chrysene '-"·' 
' Authentic reference compound 
b Mass spectral evidence 
' Comparison with published GC data. 
Mol. RI 
Wt. Exp. Litera to re • 
11!2 287.89 288.42 
182 288.87 289.20 
184 295.21 295.81 
178 300 300 
192 318.73 319.19 
192 319.55 319.93 
192 322.51 322.81 
192 323.36 323.64 
228 400 400 
d Comparison with data published by Alexander et al. ( 1983) and Row land et al. ( 1984 ). 
'Lee et al. (1979) and Vassilaros et al. (1982). 
n.d. no data available 
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Characteristic 
ions 
167,182 
167,182 
184 
178 
165,192 
165,192 
165,192 
165,192 
228 
Table 2.2 GC Instrumental details 
Instrumental details 
Gas Chromatograph Carlo Erba Strumentazione 
HRGC5300 
Temperature program 50°C (l min) to 300°C (10 
mins) at 5°C min·1 
Colwnn details J and W Scientific (30 m x 0.32 
mm ID, film thickness 0.25 
fllll) 
injector temperature 300°C 
Detector temperature 320°C 
injection mode Oncolwnn 
Sample details 5 mg ml"1 
Carrier gas Hydrogen 
injection volwne 0.5 J.L1 
2.2.4.2 Mass Spectrometry 
Mass spectrometry has been used in the analysis of P AC since 1951 (Hites, 1989). Among the 
ionisation methods available for PAC are Electron Impact (EI) and Chemical Ionization (CI). 
The method of ionisation used in this research was El ionization. The mass spectra of P AC 
produced by this technique are usually simple, because the extensive electron delocalisation of 
these molecules makes the molecular ion very stable and therefore intense. Consequently, the 
fragment ions are small and the lack of fragmentation means it is not usually possible to 
distinguish between isomers. Chemical ionization, which is based on ion-molecule collisions can 
be used to distinguish isomeric P A C. 
The mass spectrum of each compound was identified by matching the mass spectrum with mass 
spectra from the National Bureau of Standards (NBS) reference mass-spectrum library ( 49K). A 
reasonable match was considered to have a minimum probability match of ~ 90 between the 
actual and reference sample spectrum obtained from the NBS reference library. Both, Hewlett-
Packard ( 1989) and Kostecka et al. ( 1995) quote a minimum probability match of ~ 90 for a 
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reasonable companson between the sample and reference mass chromatogram. The mass 
spectral data coupled with information from the RI study add evidence to the identification of 
compounds. The conditions for the GC-MS are given below (Table 2.3). 
Table 2.3 GGMS Instrumental details 
Instrumental details 
Gas chromatograph Hewlen Packard 5890 
Mass Spectrometer Hewlen Packard 5970 MSD Series Il 
Temperature program 40°C (I min) to 300°C (15 min) rate 5°C 
min"l 
Colwnn details Hewlen Packard HP-I (12 m x 0.2 mm 
i.d., film thickness 0.33 f.Uil) 
Ionisation source El 
Ionising potential 70eV 
Scanning range 35-600 atomic mass units (amu) 
Scan rate I second"1 
Injection volume (auto 0.5 J.ll 
injection) 
Sample details 5 mg m1·1 
Carrier gas Helium 
2.2.5/nterna/ Standardisation 
Immediately after sample coUection using TESSA (Section 2 5) a standard mixture of deuterated 
P AH were added to the total exhaust sample (TES) This was done to assess the losses which 
occurred during the analytical work-up and fractionation procedure. The deuterated 
standards used were naphthalene, 2-methylnaphthalene and phenanthrene. Recovery of the 
deuterated P AH added to the TES were assessed by comparison with the GC-FID response 
from the analysis of the standard mixture of deuterated P AH. 
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2. 2. 6 Experimental Reproducibility 
The reproducibility of the analytical work-up and fractionation procedures were assessed 
using procedural blanks. Procedural blanks were prepared by addition of a standard PAH 
mixture containing 9 PAH to !-litre of solvent mix (DCM/methanol, 50:50 v/v). The 
procedural blanks were then subjected to the analytical work-up and fractionation 
procedures described in Section 2.5.1 and 2.2.2. The percentage recoveries of the 9 PAH 
contained in the procedural blanks were assessed by comparison with the GC-FID response 
from the analysis of the standard P AH mixture, as the standard mixture represented the 
concentration ofthe 9 PAH added to the solvent mixture. The mean percentage recovery of 
the 9 PAH were calculated for the procedural blanks and are presented in Table 2.4, along 
with their standard deviation and percentage co-efficient of variance. 
Table 2. 4 The mean percentage recovery of PAH obtained for the work up of procedural 
blanks (replicates = 6) 
Compound Mean percentage Standard Percentage co-efficient of 
recovery deviation variance 
Naphthalene 29 3 10 
2-Methylnaphthalene 48 3 6 
1-Methylnaphthalene 45 3 7 
2,6-Dimethylnaphthalene 60 5 8 
2-Vinyl naphthalene 66 6 9 
2,3,5-Trimethylnaphthalene 72 6 8 
2-Butylnaphthalene 73 7 10 
Fluorene 70 6 8 
Phenanthrene 75 7 9 
The data in Table 2.4 show good precision for the percentage recoveries of the selected 
P AH indicating that the analytical work-up and fractionation procedures were reproducible. 
It has not been possible to asses the reproducibility of the diesel exhaust sampling technique 
(Section 2.5) used for collection of total exhaust samples from the combustion of standard 
unlabelled fuel or from the combustion of [ 14C]labelled fuel This was owing to the high 
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financial cost of chemicals (especially radiochemicals) needed for such an analysis and the 
considerable amount of time required in preparation and execution of exhaust sampling, 
analytical work-up and fractionation procedures. 
2.3 Test Facilities 
2.3.1 Engine Details 
The engine used in this research was a Perkins Prima 65 HSDI diesel engine fitted with a Bosch 
EPVE fuel injector pump and CA V multihole injector. Engine specifications are given in Table 
2.5. The engine was mounted on a test bed with a Borgi and Saveri FA 1000 eddy current 
dynamometer controlled by a test automation series 2,000 C-E compact controller. 
Table 2. 5 Prima engine specifications 
Specifications 
Number of cylinders 4 
Cylinder arrangement In-line 
Cycle Four stroke 
Induction system Naturally aspirated 
Fuel injection system Bosch EPVE pump with CA V mutihole 
injectors 
Combustion system Direct injection 
Cubic capacity (cm3) 1,994 
Power 4500 rpm (bhp) 60 
Torque at 2500 rpm (Nm) 119 
Compression ratio 18.1: I 
Bore (mm) 84.4 
Stroke (mm) 88.9 
The Prima diesel engine was among the first high speed DJ engines to be fitted in passenger 
cars and was fitted in Rover Montego and Maestro cars and vans in both its naturally 
aspirated and turbocharged forms. (Ketcher, 1991, cited by Tancell, 1995). 
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2.3.2 Total Exhaust Solvent Scrubbing Apparatu.~ 
A number of methods for the sampling of engine exhaust emissions have been developed. The 
most widely utilised method of sampling diesel exhaust is by an Environmental Protection 
Agency (EPA) dilution tunneVfilter method (Lee et al., !980). This involves cooling and diluting 
the exhaust with air before passing the sample through a filter which must be maintained at a 
temperature of s2•c. This method was devised to mimic the natural dilution and cooling of 
exhaust as it leaves the tail pipe. The filter method allows only those P AC adsorbed onto 
particulate carbon to be sampled by the filter. The filter does not efficiently sample hydrocarbons 
and P AC whic~ have remained in the gas phase. For example lower molecular mass, more 
volatile organic compounds, such as 2 and 3 ring aromatic compounds (Trier et al., !988). 
In this research diesel exhaust sampling was performed using Total Exhaust Solvent Scrubbing 
Apparatus (TESSA) developed by Petch et al. (1987). In the TESSA system, exhaust products 
are fed directly into the base of a stainless steel tower from one combustion chamber of the 
· Prima engine (Figure 2.! ). As they pass upwards through the tower they are scrubbed by a 
downward counter-current flow of solvent (DCM/methanol, 50:50 v/v). The exhaust is directed 
from the main exhaust into TESSA by a monocled sliding plate mechanism. The exhaust entry 
point is connected to the engine exhaust manifold by a short transfer pipe. The tower is divided 
into three sections. The cooled bottom section incorporates the exhaust entry point. The middle 
section is filled with glass tubes. These provide a large surface area for the interaction of exhaust 
gas with the counter current flow of solvent. The top section contains exhaust baffles, to provide 
further cooling. 
This system has many advantages over the EP A recommended dilution tunneVfilter system. The 
solvent rapidly cools and strips the exhaust of all hydrocarbons which are not gaseous at 
standard temperatures and pressures including any P AC present before they can absorb onto 
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carbon particles. A companson of the TESSA with an environmental protection agency 
recommended dilution tunneVfilter system has shown significant differences between the samples 
collected (Trier et al., 1988). These authors showed the dilution tunnel filter system 
discriminates against the low molecular mass more volatile components which remain in the 
gaseous phase if particulate levels are low while the TESSA system was shown to effectively 
characterise this group of compounds (Petch et al., 1987; Trier et al., 1988; Rhead and Trier, 
1992). 
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Figure 2.1 The TESSA sampling system 
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TESSA can only handle the volume of exhaust gas from a single cylinder of the engine. This 
is achieved by splitting the exhaust gas manifold between the third and fourth exhaust ports 
and inserting a two way monocle plate which can be used to divert the exhaust gas from the 
fourth cylinder. The exhaust gas is diverted from the main exhaust port to TESSA (Figure 
2.2a,b; Tancell, 1995). 
2.4 Fuel and Lubricating Oil 
A reliable fuel stock ( 1600 litres) of standard A2 Derv was obtained from BP and stored in SO 
gallon drums. Specifications for the diesel fuel are given in Table 2.6 (analysis was carried out by 
Shell Research Centre, Thomton). 
The identification and quantification of the major P AC in the diesel fuel have been carried out 
using GC and GC-MS (Section 2.2.4). Identifications have been made using a combination of 
available authentic reference compounds and retention index data (Lee et al., 1979; Vassilaros et 
al., 1982). Figure 2.3 shows the total ion chromatogram of the aromatic fraction of diesel fuel 
and a break down of this trace showing the single ion chromatograms of naphthalene and the 
alkylnaphthalene derivatives contained in the fuel. Enlarged single ion traces are given in Figure 
2.4 along with compound identifications. The retention indices of these peaks and those of other 
P AC contained in the fuel are given in Table 2.1. The concentrations of P AC identified in the 
fuel are given in Table 2.7, the order in which they appear is coincident with that of the elution of 
the compounds during gas chromatography. 
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Figure 2. 4 Mass chromatograms of the aromatic fraction of diesel fueL (a) 
trimethylnaphtltalenes (m/z = 170). (b) dimethylnaphthalenes (mlz = 156). (c) 
methylnaphthalenes (mlz = 142).(d) naphthalene (mlz = 128). 
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Table 2. 6 Fuel specifications for a class A2 diesel fuel (analysis performed by Shell 
Tlwrnton Research Center). 
Analysis Method Standard A2 
Diesel 
Carbon [%wt. I Flash 86.9± 0.8 
Combustion 
Hydrogen [%wt.) Flash 12.2±0.6 
Combustion 
Sulphur [%wt.[ IP373 0.126 
Aromatic content IP391/mod 
Mono-Ar. [%wt.) 20.7 
Di-Ar. [%wt.) 11.0 
Tri+Ar. [%wt. I 2.3 
Total (%wt.) 34.0 
Cetane No. ASTMD613 46.3,46.5,47. 
6 
Av. Cetane No. 46.8 
Viscosity @ 40°C (eSt) IP71/ASTM 3.510 
0445 
Density@ WC[kgm'3J IP365 862.4 
Yolatility[0 C) IPI23 
IBP 191.0 
2% 209.5 
5% 222.5 
10% 235.5 
20% 253.5 
30% 267.5 
40% 278.0 
50% 287.5 
60% 298.0 
70% 309.5 
80% 324.5 
90% 345.5 
95% 363.5 
FBP 374.0 
Recovery 98% 
Residue 1% 
Loss 1% 
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Table 2. 7 PAH concentrations in a standardA2 diesel fuel 
PAH Mean Concentration 
(ppm) ± std (n=6) 
Naphthalene 1290±10 
2-Methylnaphthalene 4040±50 
1-Methylnaphthalene 2750±30 
1/2-Ethylnaphthalene 1670±30 
2,6/2, 7 -Dimethylnaphthalene 3360±50 
1,3 & 1,6/1,7-Dimethylnaphthalene 3630±30 
1,4/2,3 & 1,5-Dimethylnaphthalene 2380±30 
Acenaphthvlene* <5 
1,2-Dimethylnaphthalene 1870±20 
1,3,7-Trimethylnaphthalene 1520±20 
I ,3 ,6-Trimethylnaphthalene 1910±20 
1,3,5/1,4,6- Trimethylnaphthalene 1480±20 
2,3,6- Trimethylnaphthalene 1260±20 
I ,2,6/1 ,6, 7- Trimethylnaphthalene 1920±20 
I ,2, 4-Trimethylnaphthalene 240±5 
1,2,5- Trimethylnaphthalene 510±7 
Methylethylnaphthalene (Total) 1600±20 
Fluorene 570±6 
9-Methylfluorene 290±6 
2-Methylfluorene 510±6 
1-Methylfluorene 580±6 
Dibenzothiophene (DBT) 340±8 
4-MethylDBT 430±9 
213-MethylDBT 220±5 
1-MethylDBT 90±5 
DimethylDBT (Total) 1130±13 
Phenanthrene 940±12 
Anthracene* 19 
2-Methylphenanthrene 710±20 
3-Methylphenanthrene 1010±10 
9/4-Methvlphenanthrene 770±10 
1-Methylphenanthrene 650±10 
DiMethylohenanthrenes (Total) 1930±20 
Fluoranthene* 36 
Pyre ne* 83 
BenzoraJanthracene* 2.9 
Chrvsene* 41 
Benzofblfluoranthaene* 1.5 
Benz.Orklfluoranthene* 0.4 
Benzo[aJpyrene* 0.4 
lnden0fl,2,3-a!JPYrene* <0.2 
Benzol e. h,il oeJVlene* 0.2 
Dibenzo[ a, h !anthracene* <0.2 
* analys1s earned out by BP usmg GC-MS m Selected Ion Recordmg mode. 
Key: 1/2 indicates coeluting isomers 
I & 2 indicates isomers identified but not quantified individually 
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The lubricating oil used throughout the study was Shell Heavy Duty Rimula X, grade 15/30 W. 
The aromatic fraction of the lubricating oil consists largely of an unresolved complex mixture 
(Figure 2.7a}, eluting at high temperatures (150°C-300°C). 
2. 5 Diesel Exhaust Sampling 
The exhaust gas was sampled using the TESSA system (Section 2.3.2}. Prior to sampling 
the exhaust gas, the engine was conditioned for one hour at high speed and load to warm up 
the engine and _lubricating oil. The engine was then held at test conditions for a further 15 
minutes to allow the engine temperature to equilibrate. 
Before each sample was taken the TESSA was washed with the solvent mixture (DCM: 
methanol, 50:50 v/v) to wet the inside surfaces of the tower. The solvent was delivered to 
the tower from a reservoir pressurised to 1 bar at a precisely controlled flow rate to ensure 
that the sampling efficiency remains constant between samples over any length of time. This 
prevents any gas-solid adsorption and/or surface catalysed reactions. After 5 seconds the 
exhaust gas from cylinder four was diverted into the TESSA and sampled for the desired 
period of time by a counter current flow of solvent. The water cooling supply to the tower 
in the jacket and cooling coils (Figure 2.1) was maintained at 0°C by a freezing mixture of 
ice and salt to improve the efficiency of sampling. After sampling the exhaust gas was 
switched back, and the tower washed with a further portion of solvent mix to remove any 
residual exhaust gas remaining in the tower. 
2. 5.1 Isolation and Concentration of Exhaust Samples from TESSA 
The total exhaust sample {TES) was contained in a homogenous mixture of DCM and 
methanol. Deuterated standards were added as internal standards to the sample prior to 
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their work-up to allow experimental losses to be determined (Section 2.2.5). Excess water 
was added to the mixture to facilitate separation into an aqueous and an organic phase and 
to prevent nitration reactions (Trier, 1988). The mixture was then filtered to remove 
particulate material and the two phases separated by liquid/liquid partition. The aqueous 
phase was subsequently discarded. The organic phase was dried by adding anhydrous 
sodium sulphate (5 g), filtered (Whatman I), and the solvent removed by rotary evaporation 
to a final volume of ea I ml. The sample was then transferred to a pre-weighed vial (using a 
Pasteur pipette) and DCM removed under a gentle stream of nitrogen until a constant mass 
was recorded for the sample. The TES residue was then redissolved in hexane (500 J..ll), and 
fractionated by silica gel column chromatography (Section 2.2.2). 
After the chemical class separation of the TES into aliphatic, aromatic and polar 
compounds, the P AH fraction was analysed qualitatively and quantitatively using GC and 
GC-MS (Section 2.2.4). The analytical work-up procedure is outlined in Figure 2.5. 
2.5.2 Sampling of Radiolabelled Exhaust 
2.5.2.1 Introduction of the Radiotracer 
Owing to the exhaust sampling capacity of the TESSA, the radiochemical is required to be 
introduced in its entirety into the single cylinder of the engine sampled by the TESSA. This 
was achieved by modifYing the high pressure line connecting the fuel pump to the injector. 
The high pressure line is divided into two parallel lines for part of its length. One of these 
lines was fitted with an access plug through which the radiotracer was injected. The two 
lines are connected at either end by two three-way valves (Figure 2.6). These valves are air 
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Figure 2.5 Analytical procedure for the work-up and analysis of exhaust samples 
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activated and are remotely controlled. Only one line is active at any one time, aUowing the 
radiochemical to be introduced into the line with the access plug while the other line 
continues to carry fuel to the engine. By switching the valves, the off-line section containing 
the radiotracer becomes the active line during sampling. This system was developed by Trier 
et al. (1990) and was later used by Tancell ( 1995). 
Fuel Lines 
From Pump 
Three-way ----+ 
Valves 
Fuel Lines 
Access Plug For 
Injection 
/ ofRadiotracer 
To Injector ofTest 
Cylinder 
Figure 2. 6 Modified high pressure fuel line for the introduction of radiocltemicals into 
the combustion chamber sampled by TESSA 
T he pressure in the fuel lines connecting the pump to the injectors determines the supply of 
fuel to each cylinder. The volume of fuel supplied to the cylinder and the pattern of injection 
of fuel into the cylinder would be affected by any variation in the volume of the fuel Line and 
thus alter the characteristics of the emissions from the sampled cylinder. Therefore the 
volume of the altered fuel line was maintained within 10% of that of the original fuel line. 
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2.5.2.2 Radiochemical Injection Procedure and Diesel Exhaust Sampling using TESSA 
The engine was conditioned prior to sampling at high speed and load for 1 hour, and then at 
the engine conditions to be investigated for a further 1 5 minutes. The engine was then 
stopped and the radiotracer injected into the off-line section of the modified fuel line (Figure 
2.6). The engine would ideally be kept running at this stage but work by Tancell (1995) has 
shown this to be impractical as the vibrations from the engine cause small amounts of fuel to 
spill from the fuel line. The engine was then restarted and conditioned for a further 5 
minutes at the sampling conditions to ensure the engine was running at the standard 
working temperature for those conditions. The exhaust was then sampled according to the 
following procedure: 
I. Solvent flow to TESSA was started to wet all the glass surfaces. 
2. After 20 seconds the exhaust port was switched to TESSA. 
3. After an additional 5 seconds the radiotracer was introduced into the combustion 
cylinder. 
4. The exhaust was sampled for a further 10-30 seconds depending on engine 
conditions used. 
5. The exhaust port was switched back from TESSA and the fuel line simultaneously 
switched back to the standard fuel line. The solvent remaining in the reservoir was 
allowed to run through TESSA. 
The sample, contained in a clean 2.5 litre Winchester bottle, was removed and the exhaust 
sample prepared for analysis by the procedures described in Section 2.5.1. 
2. 5.3 Analysis of Radiolabel/ed Exhaust Samples 
The identification and quantification of radioactive products contained in the exhaust 
requires a number of pre-fractionation steps. These facilitate the identification of the 
individual radiolabelled products which must be made using retention index data. The 
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fractionation procedure employed a primary clean up and separation by silica gel column 
chromatography (Section 2.2.2). Followed by a second fractionation using normal phase 
semi preparative HPLC (Section 2.2.3.1). The reduced number of components in the 
individual subsamples facilitates component identification using the analytical techniques 
employed in the analysis of the radiolabelled exhaust samples, radio-HPLC, radio-GC and 
static scintillation counting. The static scintillation counter has been used for quantification 
purposes as it has a far lower limit of detection than on-line techniques (radio-HPLC and 
radio-GC) owing to the longer residence time samples can spend in the measuring cell. The 
on-line techniques have been used for identification of the radio-active components 
contained in both the fuel and the exhaust samples owing to the far higher resolution 
afforded by these techniques. 
2.5.3.1 Liquid Scintillation Counting 
Liquid scintillation counting has been used for quantification purposes as it has the highest 
sensitivity and greatest accuracy of all the radioactivity assays used in this research. This is 
owing to the longer residence time samples can spend in the measuring cell when compared 
with on-line flow through techniques. The major disadvantage of this technique is the low 
resolution, hence radio-GC and radio-HPLC have been used to identify the radioactive 
components of the exhaust and the fuel. 
The liquid scintillation counter used in this research was a Phillips PW4700 Liquid 
Scintillation Counter. Measurement of [14C] ~-emissions was performed using the high 
energy window. The discrimination settings of the window were, Lower Limit = 40 keY 
and Upper Limit= 160 keY. The maximum energy of ~-emissions from [14C] nuclei is 156 
keV. These settings ensured that all ~-particles from [14C] disintegration's would be 
counted. The minimum sample /scintillant ratio before counting efficiency of the liquid 
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scintillant was affected was determined by Tancell, (199S) to be 10:1. The scintillant used 
was 2-( 4 '-tertiary-butylphenyl)-S-( -4"-biphenyl)-1 ,3,4-oxydiazole (S%) in toluene. Samples 
were counted forS minutes or until 40,000 counts were registered. 
2.5.3.2 HPLC-Radioactivity Measurement 
The HPLC-radiodetector used in the analysis of C4CJ labelled exhaust samples was a 
Berthold LB SOS C-1 radioactivity monitor, equipped with a yttrium glass, solid scintillant 
measuring cell (1 SO 111 cell volume) and dual monitoring circuits for simultaneous 
measurement of [14C] and [3H] isotopes. [14C] radioactivity measurement was performed in 
. the high energy window. The internal amplifier settings describing the energy range of the 
window were 70 m V for the lower level and 900 m V for the upper level of the window. 
Noise and luminesenscence events were detected, and compensated for, using a eo-
incidence circuit with a resolution time of I 00 nanoseconds. The lower energy level of the 
high energy window used for [14C] measurements, was remotely controlled from a PC. Data 
handling and manipulation was performed using a Berthold HPLC programme. This allowed 
manual and automatic integration of radiopeaks, for quantification purposes. The quantity 
of radioactivity associated with a radiopeak was calculated using Equation 2.2: 
Where: 
I = Integrated counts. 
F =Flow rate (ml min'1 ). 
V= Cell volume (m!). 
E = Counting efficiency. 
Radioactivity (dpm) = I x F 
VxE 
Equation 2. 2 Quantity of radioactivity associated with a radio peak 
The total number of counts in a given radio-peak was determined by manual integration 
The counting efficiency of the monitor was determined by Tancell ( 199S) by repeat injection 
of C4CJpyrene to be to be 6S%. Tancell and Rhead, ( 1996) have shown the counting 
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efficiency to be marginally affected by the composition of the mobile phase varying from 
65% with acetonitrile-water ( 40:60) to 68% with I 00% acetonitrile. 
2.5.3.3 GC-Radioactivity Measurement 
The radio-GC used was a Varian 3400 gas chromatograph and a Lablogic radioactivity 
monitor (GC-RAM). The gas chromatograph was equipped with an FID detector and 
temperature programmed on-column injection with cryogenic cooling. The detector 
temperature was maintained at 320°C. The injector temperature program employed an 
initial injector temperature of -20°C raised to 250°C at 250°C min-I All samples were 
dissolved in DCM. The GC was fitted with a DB-5, megabore column (30 m x 0.53 mm, 
0.25 J..lm film thickness, J&W Scientific). Deactivated fused silica tubing (2 m x 0.32 mm) 
was installed between the injector and the column as a retention gap. Helium· was used a 
carrier gas at a velocity of 42 cm sec-1 for optimum separation efficiency. A mass flow 
controller was used to ensure a constant flow rate. separations were performed using a 
temperature gradient of 40°C raised linearly to 300°C at soc min-1 and held for 20 minutes. 
The effluent from the column was divided using a variable outlet splitter system (SGE, 
OSS-2). Helium make-up gas was added to the column eluent, at a flow of 25 ml min-\ 
prior to the eluent split through a tee-piece incorporated in the needle valve. Addition of 
make up gas at this point helps to eliminate the problem of dead volume. Deactivated silica 
capillary tubing (50 cm x 0.32 mm) connected the two outlets from the splitter with the FID 
and radioactivity detectors. 
Radioactivity measurement was performed using a flow through gas proportional counting 
tube. The counting tube contained a highly polished stainless steel outer tube and a gold 
plated tungsten (0.005 mm o.d.) anode wire and has been constructed to ensure larninar gas 
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flow through its volume in order to minimise turbulent gas mixing. Two mass flow sensors 
measure the scintillant gas flow entering the counting tube and the total gas flow exiting the 
tube. An oxidation furnace, containing copper oxide catalyst, oxidised [14C]radiolabelled 
sample components to [14C]C02 prior to mixing with the scintillant gas. The furnace 
temperature, was maintained at 700°C. The external temperature of the furnace was 
maintained at 80°C. The furnace was connected to a drying tube (100 mm x 0.3 mm i.d.) 
filled with granular anhydrous sodium sulphate by 1.6 mm i.d. stainless-steel tubing. The 
drying tube removed water vapour from the furnace which would otherwise quench the 
signal in the counting tube. Scintillant gas (Argon:Methane; 90:10) was added to the 
effluent mixture prior to the counting tube. The detector-was remotely controlled from a PC 
using a Windows ™ based software package (Lab logic Laura, V er. · 1.1, radio-
chromatography software) which enabled simultaneous data collection from the mass and 
radioactivity detectors. 
2. 5.4. Radiochemical Limits of Detection and Blank Analysis 
A [ 14C] procedural blank was prepared by following the analytical procedures for the 
sampling of radiolabelled exhaust (Section 2.5.2), with the exception that standard 
unlabelled fuel (500 Ill) was introduced into the modified high pressure fuel line (Section 
2.5.2.1) in place of fuel spiked with a [14C] radiochemical. The [14C] procedural blank 
sample was prepared for analysis by following the analytical work-up detailed in Section 
2.5.1. 
The [14C] procedural blank was then used to assess the limit of detection for the GC and 
HPLC radioactivity detectors used during analysis of [14C] exhaust samples. The limit of 
detection was determined as the concentration of analyte that gave a signal three times the 
standard deviation of background noise (Christian, 1994). The standard deviation of 
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background noise was determined from the background noise obtained by repeat analysis of 
the [14C) procedural blank. This level ofbackground noise was shown to be no different to 
that produced by pure solvent, and therefore the residual [14C) activity in the radiochemical 
exhaust sampling system was shown to be negligible. The standard deviation of background 
noise values for GC and HPLC radioactivity detectors at the specified analysis conditions 
for the [14C) procedural blank were 48 cpm and 72 cpm respectively. This produced 
detection limits for radio-GC of 65 pCi, and 97 pCi for radio-HPLC (assuming a counting 
efficiency of 65% for the radio-HPLC). 
2.6 Determination of PAH in Used Lubricating Oil 
Lubricating oil has been shown to act as a sink for P AC and alkanes derived from unburned 
fuel by Collier (1995), Tancell (1995) and Abbass et al. (1987). Abbass and eo-workers 
demonstrated a rapid and significant accumulation of hydrocarbons which reached notable 
concentrations after only 10 hours. Collier (1995) using a 2 I Perkins Prima DI diesel engine 
showed a rapid accumulation of P AC in lubricating oil up to SO hours after which the rate 
of accumulation dropped. Collier ( 1995) showed an accumulation of ea. 20 mg Kg'1 of 
phenanthrene after 105 hours, Abbass et al. (1987) found 30 mg kg- 1 of phenanthrene after 
I 06 hours for a 4 I Perkins Prima DI engine. This demonstrates that the rate of 
accumulation of PAC in lube oil may vary for different engines. There are two routes for the 
input ofPAC contained in diesel fuel to lubricating oil: 
I. unburned fuel PAC being absorbed directly into the oil, 
2. P AC being absorbed into the soluble organic fraction (SOF) of particulates which 
are subsequently absorbed into the oil. 
P AC contained in lubricating oil are considered to be an important non-fuel source of P AC 
in the SOF of particulates contained in diesel exhaust. The input of P AC into lubricating oil 
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and the subsequent contribution of P AC contained in oil to engine emissions is an important 
consideration when studying the sources of P AC in exhaust emissions, and was investigated 
in this study using the method detailed below (Section 2.6.1). 
Used lubricating oil is a complex mixture of hydrocarbons, additives, carbonaceous particles 
and heavy metals. The mixture is kept homogenous by detergents and dispersants. The 
additives and suspended solids prevent the direct analysis of used lubricating oil, owing to 
the fact that carbonaceous particles and high molecular weight additives will deposit at the 
head of the chromatographic column. Thus it is necessary to remove the additives and 
suspended particles and isolate the base oil hydrocarbons from the mixture prior to GC 
analysis. The method used for the analysis of used lubricating oil was developed by Reis and 
Jeronimo (1990) and was modified by Tancell (1995). 
2.6.1 Method 
Deuterated standards were added to the used lubricating oil prior to extraction to evaluate 
P AH losses. 2-Propanol with I 0 g r 1 potassium hydroxide (I 0 ml) and n-hexane (I ml) 
.were added to used lubricating oil (ea 0.5 g). The KOH acts to destabilise the electrically 
stabilised dispersion generated by the polar solvent, and improves the flocculation of 
additives. The solution was homogenised in an ultrasonic bath for 5 minutes and then 
allowed to stand for 30 minutes. The mixture was filtered using pre-extracted glass fibre 
filters (Whatman GF/F). Excess water (20 ml) was added to the solution which was then 
extracted with n-hexane (3 x I 0 ml). The n-hexane extracts were combined and 
concentrated by rotary evaporation to a small volume (ea I ml). The extract was transferred 
to a pre-weighed vial and the remaining solvent removed by nitrogen purge. The residue 
was dissolved in I ml of hexane for silica column chromatography (Section 2.2.1). Prior to 
analysis by GC and GC-MS. 
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2.6.2 Results and Discussion 
The aromatic fraction of lubricating oil consists largely of an unresolved complex mixture 
(UCM) eluting at high temperatures (Figure 2.7). A comparison of the aromatic fraction of 
used lubricating oil and fresh lube oil shows a range of P AH in the used lube oil that were 
not present in the fresh oil (Figure 2. 7). The bulk of the compounds that have accumulated 
in the oil are three and four ring P AH and their alkyl derivatives. The percentage recovery 
of naphthalene (70%) and 2-methylnaphthalene (71%) in used lube oil is high and indicates 
that losses by evaporation during the clean-up and subsequent separation of used lube oil is 
not significant. The small concentrations of the lighter P AH (naphthalene and 
alkylnaphthalenes) in the used lube oil indicates they do not accumulate in significant 
concentrations in the lube oil, and are either burned completely or are contained in the 
exhaust emissions as unburned fuel PAH. The absence of a lube oil UCM in the aromatic 
fraction of diesel exhaust indicates that leakage of lube oil into the combustion chamber is 
not significant. This result is important as it means the effect oflosses ofPAH to lubricating 
oil, and the contribution of P AH contained in lube to exhaust emissions can be ignored for 
the PAH studied (naphthalene, 1- and 2-methylnaphthalene 2-ethylnaphthalene and 2-
butylnaphthalene ). 
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Figure 2. 7 (a) The aromatic fraction of fresh Rimula X, grade 15130 W lubricating oil 
used in the Prima diesel engine studied. (b) The aromatic fraction of Rimula X, grade 
15130 W lubricating oil obtained from the Prima diesel engine sump after 
approxiamately 100 hours use. 
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Chapter] 
The Fate of Naphthalene During Combustion in a Diesel Engine and its Sources in Diesel Exhaust 
Emissions 
3.1 Introduction 
This chapter describes the use of [ 14C]P AH radiotracers and non-labelled P AH added to diesel 
fuel to investigate the fate of naphthalene during combustion in a diesel engine and evalute the 
sources of naphthalene in diesel exhaust emissions. Until recently it was considered that the 
majority of the 2-4 ring P AH contained in diesel exhaust resulted from P AH in the fuel 
surviving combustion (Williams et al., 1989). However, in the present study, it has been 
assumed that the temperature and pressure regime of a diesel combustion chamber could 
facilitate the formation of P AH from pyrosynthetic reactions. 
To determine the extent of pyrosynthesis of naphthalene during combustion and survival of 
naphthalene contained in diesel fuel to naphthalene in the exhaust emissions [14C]naphthalene 
was used. In a series of supplementary experiments to investigate the sources of the 
pyrosynthesised naphthalene, diesel fuel was spiked with [14C]2-methylnaphthalene and 
combusted. C4C]Naphthalene, resulting from demethylation, and C4C]2-methylnaphthalene 
recovered in the exhaust, were quantitatively assessed. From this information the proportions of 
naphthalene resulting from pyrosynthesis of 2-methylnaphthalene, were calculated. Where 
appropriate radiolabelled precursors could not be commercially obtained, as in the case of 1-
methylnaphthalene, the compound was spiked in the fuel with approximately a 4% enrichment. 
The likely products of its combustion were deduced by a comparison of the emissions from fuel 
enriched with 1-methylnaphthalene with the emissions from standard unspiked fuel combustion. 
3. 2 Experimental 
Full details of the experimental techniques used in this study are given in Chapter 2. A brief 
summary of the engine conditions and experimental details are given below. Both C4C] 
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radiochemicals and non-labelled chemicals were used to investigate the fate of naphthalene 
during combustion and its sources in emissions. 
3.2.1 {14CjRadiochemical Preparation and Introduction into the Diesel Engine 
C4C]Naphthalene (Amersham International; 250 ~-tC~ 8 mg) was received, as a solid and was 
dissolved in DCM (I ml) for determination of specific activity and radiochemical purity. The 
quoted specific activity of the [14C]naphthalene was 4.0 mCi mmor•. This compares well with 
the specific activity of 4.0 mCi mmor1 determined in this laborat01y. The radiochemical purity 
was measured by reverse-phase high performance liquid chromatography (HPLC) (Section 
2.2.3.2). The radiochemical purity of the [14C]naphthalene was >.98%. To simulate, as closely as 
possible, the normal chemical and physical processes taking place in the engine, the 
[ 14C]naphthalene was required in a diesel fuel matrix. Accordingly, the solvent (DCM) was 
removed under a gentle stream of nitrogen, at ambient temperature before redissolving the 
radiochemical in 1 ml of diesel fuel. The specific activity is thereby reduced, owing to the dilution 
of radioactive naphthalene with inactive naphthalene in the unspiked fuel. The specific activity of 
the naphthalene introduced into the single cylinder was 1401.7 ~-tCi mmor1 on average for 
duplicate engine runs. 
[
14C]2-Methylnaphthalene (Sigrna; 250 ~-tC~ 5.71 mg) was received as a solid (250 ~-tCi) and was 
immediately dissolved in diesel fuel (I ml). The radiochemical purity was determined by normal-
phase semipreparative HPLC using a n-hexane:DCM gradient (Section 2.2.3.1), followed by 
reverse-phase HPLC (Section 2.2.3.2) using a methanol:water gradient, and was found to be 
>98%. The quoted specific activity of the [14C]2-methylnaphthalene was 6.2 mCi mmor1. A 
specific activity of5.6 mCi mmor1 was determined in this laboratory by liquid scintillation assay. 
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The specific activity of the (14C]2-methylnaphthalene radiochemical as received (5.6 mCi mmor1) 
was reduced by dilution with 2-methylnaphthalene present in the fuel to 364. ~Ci mmor• on 
average for duplicate engine runs. The mass of 2-methylnaphthalene in both the fuel ( 4040 mg 
litre-1) and the emissions ( 40 mg litre-1) was determined in a similar way to the naphthalene in fuel 
and emissions (Section 2.2.4). 
The radiochemical experiments were carried out on separate occasions using the same sample 
introduction technique (Section 2.5.2.1), engine conditions (2500 rpm and 50 Nm load) and 
exhaust sampling time (25 secs), allowing direct comparison between the results obtained for the 
two experiments. In each instance duplicate [14C]radiolabeUed exhaust samples were taken. 
3.2.2 Preparation and Introduction of Non-labelled PAR into the Diesel Engine 
Where C4C]radiolabelled P AH was not available for the purpose of determining the sources 
of naphthalene in diesel exhaust emissions, non-labelled PAH molecules were used. This 
required addition of a sufficient mass of compound to produce a notable change in the 
exhaust emissions. The mass used for this study was 4% of the mass of fuel used. The 
emissions resulting from the combustion of enriched fuel were then compared with those 
from the combustion ofunenriched fuel to determine any changes that may have occurred. 
Prior to exhaust sampling, stock solutions (5 litres) of 1- and 2-methylnaphthalene (4% wt/wt) 
were prepared. The fuel specifications of the modified fuels are given in Table 3.1. The cetane 
numbers can be seen to vary by less than I CN unit for both spiked fuels. The variations in 
density, aromatic content and full boiling range (FBP) were <0.005 kg m-3, <2.5 [%wt] and 
<0.5°C, respectively. Floysand et al. (1993) states that these factors have the greatest influence 
on fuel combustion characteristics. The small differences in these properties for the enriched fuel 
in this study are not considered to significantly alter the combustion characteristics of the fuel 
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(Brear, 1995). The enriched fuel experiments were performed in duplicate, each isomer being 
done on a separate occasion to reduce the risk of cross contaminating the fuels. 
3.2.3 Emissions Sampling 
The engine was conditioned at full power for I hour and then at the test conditions of 2500 rpm 
and 50 Nm for 15 minutes prior to sampling the exhaust. The exhaust sampling time for the 
radiolabelled runs was 25 seconds, in order to keep the ratio of radioactive to non-radioactive 
components as high as possible. Maximum activity of the spike recovered within the exhaust 
sample is thereby achieved, thus ensuring the sample contains sufficient radioactivity to be above 
the analytical limit of detection. The limits of detection for radio-GC and radio-HPLC were 
determined to be 65 pCi, and 97 pCi respectively (Section 2.5.4). 
· The enriched diesel fuel was added to an auxiliary fuel tank isolated from the main fuel circuit 
(Figure 3.1). The fuel supply to the engine was then switched to the auxiliary fuel tank. To 
minimise dilution of the spike in the test fuel with residual fuel in the engine, the fuel return lines 
were first diverted to waste for a period of3 minutes. The engine was then allowed to run on the 
enriched fuel for a further 3 minutes before duplicate exhaust samples were taken. Prior to the 
addition of enriched fuel, exhaust emissions were sampled in replicate using standard fuel to -
establish a baseline for emissions. An aliquot of fuel was removed immediately after each 
sampling period to allow the exact concentration of the spike present in the fuel to be 
determined. 
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Table 3.1 Fuel Specifications for a Class A2 diesel fuel, and Class A2 diesel fuel 
Chemically Modified with 1- and 2-methylnaphthalene (analysis performed by Shell, 
Thornton Research Centre). 
Analysis Method Standard A2 Standard A2 Diesel + 4% Standard A2 Diesel+ 4% 
Diesel 1-mcthyloaphthalene 2-mcthyloaphtbalcoe 
Carbon [%wt. I Flash Combustion 86.9± 0.8 86.9± 0.8 87.9± 0.8 
Hydrogen Flash Combustion 12.2± 0.6 12.1± 0.6 12.3± 0.6 
[%wt.[ 
Sulphur [%wt.[ IP373 0.126 0.158 0.129 
Aromatic IP391/mod 
content 
Mono-Ar. 20.7 19.9 19.8 
[%wt.[ 
Di-Ar. [%wt.[ 11.0 14.4 14.3 
Tri+Ar. [%wt.[ 2.3 2.2 2.2 
Total [%wt. I 34.0 36.5 36.3 
Cetane No. ASTMD613 46.3,46.5,47.6 45.8,44.8,45.5 46.3,46.3,46.3 
Av. Cetane No. 46.8 45.4 46.3 
Viscosity IP71/ASTM 0445 3.510 3.411 3.339 
@40°C [cStj 
Density@ WC 
[kglm31 
IP365 862.4 867.9 868.0 
Volatility[0 C[ IP123 
IBP 191.0 185.0 188.5 
2% 209.5 207.5 206.5 
5% 222.5 220.0 221.5 
10% 235.5 233.0 233.5 
20% 253.5 250.5 250.5 
30% 267.5 263.5 262.5 
40% 278.0 274.0 273.5 
50% 287.5 284.5 284.5 
60% 298.0 296.5 296.5 
70% 309.5 309.5 309.5 
80% 324.5 325.0 325.0 
90% 345.5 347.0 347.0 
95% 363.5 367.0 365.5 
FBP 374.0 373.5 373.5 
Recovery 98% 97.5% 97.5% 
Residue 1% 0.5% 1.0% 
Loss 1% 2% 1.5% 
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Deuterated standards were added to the emissions samples immediately after collection in order 
to determine accurately the losses of analytes of interest during sample work up (Section 2.2.5). 
The samples were extracted and concentrated prior to fractionation by open column 
chromatography (Section 2.2.2). 
The activity of the radiolabelled exhaust was determined by static scintillation counting (Section 
2.5.3.1). The identity of the radiolabelled compounds contained in exhaust emissions was 
confirmed by radio-HPLC and radio-GC (Section 2.5.3.2 and 2.5.3.3 respectively). The mass of 
these compounds was determined by GC-MS (Section 2.2.4). 
The mass and identity of compounds contained in the exhaust emissions from non-labelled 
experiments were obtained by GC and GC-MS. 
3.3 Results 
3.3.1 Diesel Combustion of Fuel Spiked with t''CJNaphthalene 
The values in the text discussed in the following sections are the average of duplicate engine 
runs. Table 3.2-Table 3.4 summarises the data for each individual engine run. 
Table 3.2 Summary of data relating to {14Cjnaphthalene in diesel fuel 
Mass (mg) of Activity (J.J.Ci) of Specific activity of 
naphthalene C4C]naphthalene (J.J.Ci mmol"1) of 
Engine run consumed by test consumed by test [ 14C]naphthalene 
cylinder during cylinder during consumed by test 
sampling sampling cylinder during 
sampling 
I 9.2 98.7 1373.2 
2 9.2 102.8 1430.0 
average 9.2 100.7 14017 
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Table 3.3 Summary of data relating to f 14Cjnaphthalene in diesel exhaust 
Mass (mg) of Activity (J.l.Ci) of Specific activity of 
naphthalene [ 14C]naphthalene (11Ci mmo1"1) of 
Engine run contained in diesel contained in diesel [ 14C]naphthalene 
exhaust exhaust contained in diesel 
exhaust 
I 0.2 0.5 320.0 
2 0.2 0.5 320.0 
average 0.2 0.5 320.0 
Table 3.4 Summary of data relating to f14Cjnaphthalene in diesel exhaust 
Percentage recovery Percentage Percentage 
of naphthalene in contribution of contribution of 
Engine run exhaust survived pyrosyntbesised 
[ 14C]naphthalene to naphthalene to total 
total recovered recovered 
naphthalene naphthalene 
I 2.2 23.3 76.7 
2 2.2 22.4 77.6 
average 2.2 22.8 77.2 
3. 3.1.1 Determination of Specific Activity of t 1 CJNaphthalene Added to Diesel Fuel 
The (14C]naphthalene (250 11Ci, 8 mg) had a specific activity of 4.0 mCi mmori The sample 
was divided into two aliquots (2 x I 00 11Ci) for duplicate engine runs. Exact activity, as 
determined by static scintillation counting was I 00.7 11Ci The [ 14C]naphthalene labelled 
diesel fuel was introduced into the combustion chamber using the modified high pressure 
fuel line (Section 2.5.2). The specific activity of the radiolabelled naphthalene was thereby 
reduced by dilution with inactive naphthalene present in the diesel fuel. The determination 
of the specific activity of the naphthalene added to the test cylinder required the mass of 
naphthalene used to be determined. The mass of naphthalene consumed by the test cylinder 
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during the sample time (25 secs) was 9.2 mg. Therefore the specific activity of naphthalene 
introduced into the single cylinder was 1401.7 J..lCi!mmol on average for duplicate runs. 
3.3.1.2 Determination of Specific Activity of {14CjNaphthalene Contained in Diesel 
Exhaust after Combustion of {14CjNaphthalene Labelled Fuel 
The analysis of the [14C]naphthalene diesel exhaust required the total exhaust sample (TES) 
to be fractionated into aliphatic, aromatic and polar compounds. This was achieved by open 
column chromatography. The aromatic fraction isolated by column chromatography was 
further fractionated by normal-phase HPLC using radiodetection. The naphthalene was 
collected in the fraction containing 2-ring P AH eluting between 16-20 minutes (Figure 3 .2a, 
F2). This was shown to be the only fraction containing a radiolabelled compound. The 
naphthalene fraction (Figure 3 .2a, F2) was analysed by reversed-phase analytical HPLC, and 
revealed a single radio peak (Figure 3.2b). This compound was found to have a retention time of 
4.94 ± 0.04 min which compares well with that of a C4C]naphthalene standard (4.90 ± 0.02 
min). This method is a variation on standard methods of P AH analysis using reversed-phase 
liquid chromatography (Wise et al., 1993) with the ACN:H20 gradient modified to optimise the 
separation of the aromatic components in the aromatic subsarnples. Further confirmation of the 
identity of this compound comes from radio-GC. The single peak (A) in the radiochromatogram 
(Figure 3.3a) (retention time 19.45 ± 0.12 min) is coincident with that of naphthalene (peak A') 
in the FID chromatogram (Figure 3 .3b) (retention time 19.28 ± 0.12 min). The slight difference 
in the retention times between the mass peak and the radio peak for naphthalene is owing to the 
delay period between the FID and the radiodetector (0.14 ± 0.04 mins). The radioactivity 
associated with this fraction was determined by static scintillation counting to be 0.5 J..tCi. This 
figure represents naphthalene survival only, and is equivalent to 0.5% of the original activity. 
Therefore, 0.5% of the naphthalene contained in the fuel survives combustion at the engine 
conditions used in this study (2500 rpm and 50 Nm). 
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Figure 3.2 (a) Normal phase HPLC separation of the aromatic fraction of diesel 
exhaust, obtained from the combustion of fuel spiked with {14 C]naplrthalene. UV 
detection at 254 nm. Fraction 1 (F1) monoaromatics (14-16 minutes), Fraction 2 (F2) 
naphthalenes (1 6-20 minutes), Fraction 3 (F3) fluorenes (20-22 minutes), and Fraction 
4 (F4) Phenanthrene, pyrene and their alkyl derivatives (22-27 minutes). (b). Radio-
HPLC chromatogram of the 2-ring P AH (F2) showing a single peak representing 
t'' C]naphthalene (retention time 4. 96 minutes). 
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Figure 3.3 Radio-gas chromatographic separation of the 2-ringed PAH fraction of 
diesel exhaust. (a) The radio detector signal, showing a single peak A -
l'1C}naphthalene (retention time 19.45 minutes). (b) FID response, the peak labelled A' 
(retention time 19.28 minutes) is naphthalene. 
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The contribution to naphthalene contained in the exhaust emissions from pyrosynthetic sources 
was determined by measuring the variation in the specific activity of C4C]naphthalene in the fuel 
and emissions. Anyreduction in the specific activity of the radiolabeUed naphthalene contained in 
the emissions indicates the input of cold, inactive naphthalene. Having eliminated the input of 
naphthalene contained in the lube oil as a possible source of cold inactive naphthalene in 
emissions (Section 2.6) this naphthalene must come from pyrosynthetic routes. These routes may 
involve cleavage of the aryl-alkyl C-C bond in alkylated naphthalenes (Brezinsky, 1986) or the 
formation of naphthalene from smaUer hydrocarbon units, as proposed by Crittenden and Long 
(1973). The sp~ific activity of naphthalene in exhaust required the mass of naphthalene in the 
exhaust emissions to be accurately determined. The naphthalene contained in the aromatic 
fraction of the exhaust sample was quantified by calibration of the GC-MS. The mass of 
naphthalene in the exhaust sample was 0.2 mg. The associated activity was 0.5 J.tCi. Thus, the 
specific activity of[14C]naphthalene contained in the exhaust was 320 J.lCi mmor'. A difference 
of I 081.7 J.lCi/mmol in the specific activity of naphthalene in in the exhaust when compared with 
fueL This represents the amount of pyrosynthesised naphthalene produced during combustion. 
Thus of the naphthalene recovered (recovered= pyrosynthesised +survived naphthalene)22.8% 
has come from naphthalene contained in the fuel surviving combustion and 77.2% has come 
from pyrosynthesis of naphthalene from other sources. 
The overaU percentage recovery of naphthalene in the emissions was calculated as (Equation 
3.1): 
%recovery= Mass (mg) ofPAH contained in exhaust sample X 100 
Mass (mg) ofPAH in fuel consumed during sampling period 
Equation 3.1 Percentage recovery of PAH 
Thus for naphthalene (naphthalene in exhaust sample = 0.2 mg and naphthalene in fuel 
consumed = 9.2 mg) this gives an overall percentage r~covery in the exhaust emissions at 
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2500 rpm and SO Nm of 2.2%. Of this 2.2% recovered naphthalene, 1.7% is naphthalene 
pyrosynthesised during combustion and 0.5% is naphthalene surviving combustion. 
3.3.2 Diesel combustion of fuel spiked with f14Cj2-Methylnaphthalene 
The values in the text discussed in the following sections are the average of duplicate engine 
runs. Table 3.5-Table 3.7 summarises the data for each individual engine run. 
Table 3. 5 Summary of data relating to {14 Cj2-methylnaphthalene in diesel fuel 
Mass (mg) of Activity (fJ.Ci) of Specific activity of 
[ 14C]2-methylnaphthalene [14C]2-methylnaphthalene (fJ.Ci mmor1) of 
Engine run consumed by test cylinder consumed by test cylinder C4CJ2-methylnapbthalene 
during sampling during sampling consumed by test cylinder 
during sampling 
I 37.0 97.1 372.6 
2 37.0 93.1 357.3 
average 37.0 95.1 364.9 
Table 3. 6 Summary of data relating to f 14Cj2-methylnaphthalene in diesel exhaust 
Mass (mg) of Activity (fJ.Ci) of Activity (fJ.Ci) of Specific activity of 
[1•c]2- naphthalene [l•c]2- (fJ.Ci mmor1) of 
Engine run methylnaphthalene contained in methylnaphthalene c•q2-
contained in diesel diesel exhaust contained in diesel methylnaphthalene 
exhaust exhaust contained in diesel 
exhaust 
1 0.4 0.04 0.7 248.5 
2 0.4 0.01 0.4 142.0 
average 0.4 0.02 0.5 195.2 
Table 3. 7 Summary of data relating to {14Cj2-methylnaphthalene in diesel exhaust 
Percentage recovery of [14C]Naphthalene Percentage Percentage 
2-methylnaphthalene in exhaust as a contribution of contribution of 
Engine nm in exhaust percentage of the survived C4CJ2- pyrosynthesised 2-
activity of [14C]2- methylnaphthalene methylnaphthalene 
methylnaphthalene to total recovered 2- to total recovered 2-
in the fuel methyl naphthalene methylnaphthalene 
I 1.0 0.04 66.7 33.3 
2 1.0 0.01 39.7 60.3 
average 1.0 0.02 53.2 46.8 
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3.3.2.1 Determination of Specific Activity of fuC/2-Methylnaphtltalene Added to Diesel 
Fuel 
The C4CJ2-methylnaphthalene (250 J..LCi, 5. 71 m g) used in this study was determined to 
have a specific activity of 5.6 mCi mmor1. The C4CJ2-methylnaphthalene was diluted with 
diesel fuel ( 1 rnl) and divided into two aliquots of diesel fuel (2 x 500 J..LI) for duplicate 
engine runs. The activity of the C4C]2-methylnaphthalene entering the combustion chamber 
was accurately determined by static scintillation counting to be 95.1 J..LCi. The radiochemical 
purity of the C4CJ2-methylnaphthalene was assessed by reversed phase HPLC of an aliquot 
of 2-methylnaphthalene dissolved in ACN (Figure 3 .4). Radiochemical purity was 
determined as > 99%. 
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Figure 3.4 Radio chromatogram of fuC/2-methy/naphtha/ene 
The C4C]2-methylnaphthalene labelled diesel fuel was introduced into the combustion 
chamber using the modified high pressure fuel line (Section 2. 5 .2.1 ). The specific activity of 
the radiolabelled 2-methylnaphthalene was thereby reduced by dilution with inactive 2-
methylnaphthalene contained in the diesel fuel. The mass of 2-methylnaphthalene consumed 
by the test cylinder during the sample time (25 secs) was 37.0 mg. Therefore the specific 
activity of 2-methylnaphthalene introduced into the single cylinder was 364.9 J..LCi mmor• 
for duplicate runs. 
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3.3.2.2 Determination of Specific Activity of {14Cj2-Met/rylnap/rt/ralene Contained in 
Diesel Exlraust after Combustion of {14Cj2-Metlrylnaplrtlralene Labelled Fuel 
The whole exhaust samples were fractionated using silica gel column chromatography into 
aliphatic, aromatic, and polar compounds (Section 2.2.2). Aromatic fractions were further 
separated according to ring size by preparative HPLC with radiodetection. The 2-ring P AH 
fraction eluting between 16-20 minutes was the only fraction containing radiolabelled 
material. Analysis of this subsample by reverse phase HPLC with radiodetection identified 
two radioactive products to be present. UV and radio chromatograms ofHPLC analysis are 
shown in Figure 3.5. Peak C' (Figure 3.5b) (retention time 7.20 ± 0.04 min) represents the 
major radioactive product in the emissions. This peak was identified as 2-methylnaphthalene 
by comparison with the retention time of the mass peak C (Figure 3.5a) of 2-
methylnaphthalene in the UV chromatogram (retention time 7.01 ± 0.05 min). The 
difference in retention times owing to the two detectors (UV and radioactivity monitor) 
being connected in series. The retention time difference between the two detectors is 0. 19 ± 
0.03 min. Analysis of a [14C)2-methylnaphthalene standard (7.17 ± 0.02 rnin) also gave a 
retention time comparable with that of peak C' (7.20 ± 0.04 min; Figure 3.5b) Peak A' was 
shown to have a retention time of 4.90 ± 0.04 mins (Figure 3.5b) which compares well with 
that of a C4CJnaphthalene standard (4.90 ± 0.02 mins). 
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Figure 3o 5 (a) Reversed phase HPLC separation of the 2-ring fraction of diesel exhaust, 
obtained from the combustion of fuel spiked with [14C}2-methylnaphthalene. UV 
detection at 254 nm. Peak A, naphthalene (retention time 4. 71 minutes); Peak B, 
deuterated naphthalene (retention time 4. 90 minutes); Peak C, 2-methylnaphthalene 
(retention time 7o 01 minutes). (b) Radio-HPLC chromatogram of the 2-ringed fraction 
of diesel exhaust obtained from the combustion of fuel spiked with {14 C]2-
methylnaphthalene. Peak A', [14 C) naphthalene (retention time 4o 90 minutes); Peak C', 
l 4C}2-methylnaphthalene (retention time 7.20 minutes). 
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Further confirmation of the identity of these compounds came from radio-GC. Peak X in 
the radiochromatogram (Figure 3.6a) (retention time 19.45 ± 0.05 min) is coincident with 
that of naphthalene (peak X') in the FID chromatogram (Figure 3.6b) (retention time 19.32 
± 0.05 min). PeakY in the radiochromatogram (Figure 3.6a) (retention time 22.51 ± 0.04 
min) is coincident with that of 2-methylnaphthalene (peak Y') in the FID chromatogram 
(Figure 3.6b) (retention time 22.40 ± 0.04 min). 
The radioactivity associated with the two peaks in the radio chromatogram of the HPLC 
analysis were determined by integration of their peak areas. The radioactivity associated 
with the [14C]naphthalene peak was 0.02 !-!Ci. This represents 0.02% of the original activity 
of the [14C]2-methylnaphthalene introduced into the combustion chamber. The radioactivity 
of the 2-methylnaphthalene peak was 0.5 !-!Ci. This is equivalent to 0.5% of the C4C]2-
methylnaphthalene contained in diesel fuel surviving combustion. 
The specific activity of C4CJ2-methylnaphthalene in the emissions was determined by GC 
quantification of the mass of 2-methylnaphthalene present in the exhaust sample (0.4 mg) 
followed by integration of the 2-methylnaphthalene radio peak of the HPLC chromatogram 
to determine the radioactivity present (0.5 !-!Ci). The association between the mass and 
activity gives the specific activity of the [14C]2-methylnaphthalene in the exhaust sample. 
The specific activity of [14C]2-methylnaphthalene in the exhaust sample was 195.2 !-!Ci 
mmorl This represents a reduction in specific activity of [14C)2-methylnaphthalene in the 
exhaust compared to the fuel of 169.7 !-!Ci. The reduction in specific activity suggests an 
input of cold, inactive 2-methylnaphthalene to the [14C]2-methylnaphthalene present in the 
fuel. 
91 
a 
-o 
c: 
0 
u 
Cl) 
Cl) 
1-. 
Cl) 
a. 
Cl) 
...... 
c: 
;:I 
0 
u 
cps 
200 
100 
-
-
0 
.,,,, .,,.. .l .. l. l I. 
b. 
0 : 00 
m V 
Cl) 
m 
900 
800 
700 
600 
§ 500 
a. 
e 400 
~ 300 
200 
lOO 
0 
-
-
-
-
-
-
-
-
-
0 : 00 
10 : 00 
10:00 
y 
~.1 ~~~ lu noo.1 o •u . .. w "" '"' lalo ~ .. ,\ J.oli.J,.,, ,j ,, .I , l ..ILll ""' 
20 :00 30 : 00 40:00 50 : 00 60 : 00 min 
Time (minutes) 
Y' 
/ 
,, 
X ' 
• "" 
~~~~ 
20 : 00 30:00 40: 00 50:00 60:00 min 
Time (minutes) 
Figure 3. 6 Radio-gas chromatographic separation of the 2- ringed P AH fraction of 
diesel exhaust (a). The radio detector signal, showing two peaks; X, fuC)naphthalene, 
(retention time 19.45), and Y, fuC/2-methylnaphthalene, (retention time 22.51). (b). 
FID response, peak labelled X ' is naphthalene (retention time 19.32), Y ' is 2-
methy lnaphthalene (retention time 22.40). 
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Excluding the input of 2-methylnaphthalene from lube oil (Section 2.6) it can be concluded 
that the 2-methylnaphthalene has been pyrosynthesised. The pyrosynthetic route may 
proceed by de-methylation of di- and tri-methylnaphthalenes present in the fuel, methylation 
of naphthalene or the build up of 2-methylnaphthalene from smaller aliphatic compounds 
(Crittenden and Long, 1973). Survival represents the most significant proportion of 2-
methylnaphthalene recovered in the exhaust emissions (53.2%). Pyrosynthesis of 2-
methylnaphthalene represents 46.8% of the 2-methylnaphthalene recovered in the exhaust. 
The overall percentage recovery of 2-methylnaphthalene in the exhaust emissions was 
calculated using Equation 3. I. The mass of 2-methylnaphthalene contained in the exhaust 
emissions was 0.4 mg. The mass of 2-methylnaphthalene consumed by the single test 
cylinder during the sampling time was 37 mg, therefore the percentage recovery of 2-
methylnaphthalene in the exhaust emissions at 2500 rpm and 50 Nm was 1.0 %. Of this 
1.0% recovered 2-methylnaphthalene, 0.47% is 2-methylnaphthalene pyrosynthesised 
during combustion and 0. 53% is 2-methylnaphthalene surviving combustion. 
3.3.3 Diesel Combustion of Fuel Spiked witlt 1- and 2-Metltylnapltthalene 
3.3.3.1 Diesel Fuel 
The chemical purity of the reagents used in the diesel enriched fuel experiment were 
determined by GC and were shown in both instances to be greater than 98%. The 
concentration of 1-methylnaphthalene contained in the spiked fuel was determined by GC-
MS to be 5.3% (46.2 g litre-1). The concentration of 2-methylnaphthalene in the spiked fuel 
was determined to be 4.7% (40.8 g litre-1). 
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3.3.3.2 Diesel Exhaust 
Analysis of the recovery of 1- and 2-methylnaphthalene in the exhaust extracts and the 
assessment of any changes in the level of possible products were appraised by quantification 
with GC-MS. The percentage recovery of 1- and 2-methylnaphthalene being determined 
using Equation 3. 1. The percentage recovery for 1- and 2-methylnaphthalene was 1. 0 I% 
and 1.04% respectively for the spiked fuel exhaust samples and 0. 98% and 1.03% for the 
standard fuel. 
The mass of naphthalene contained in the exhaust samples from every litre of standard fuel 
burned was 26 mg. This increased to 34 mg litre-1 of fuel burned on combustion of fuel 
spiked with 1-methylnaphthalene and to 44 mg litre-1 of fuel burned on combustion of fuel 
spiked with 2-methylnaphthalene. This represents a percentage conversion factor of 0.02% 
and 0.04% respectively for 1- and 2-methylnaphthalene. 
3.4 Discussion 
The aims of this work were, (i) to investigate the fate of naphthalene during combustion, 
and (ii), determine the possible sources of naphthalene in exhaust emissions. This relationship 
between fuel and emissions has been investigated by other workers (Williams et al., 1986; 
Barbella et al., 1990). These workers failed to make the distinction between P AH surviving 
combustion and P AH being pyrosynthesised during combustion, dealing instead with the total 
recovered P AH. For example Williams et al. ( 1986) compared proportions of P AH emissions 
with corresponding fuel P AH. They found that certain P AH, for example, phenanthrene and 
methylphenanthrene, are markedly increased relative to others (e.g. naphthalene and n-
alkylnaphthalenes). These authors proposed that these PAH have become concentrated in the 
exhaust either by formation on combustion or owing to their lower combustion efficiencies. It 
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was suggested that the 2 to 4 ring P AH in the exhaust were primarily unbumed fuel components. 
BarbeUa et al. ( 1990) concedes that the pyrolytic formation of P AH wiU be obscured by the 
presence ofunbumed fuel PAH in the emissions from a diesel engine. Both Westerholm and Li 
(I 994) and Mitchell et al. ( 1994), have utilised linear regression analysis to distinguish between 
fuel P AH surviving combustion and combustion-formed P AH. This method accounts only for 
P AH formed from other non-P AH fuel compounds. The distinction between P AH surviving 
combustion and P AH being pyrosynthesised during combustion has been achieved in this work 
by the combustion of diesel fuel spiked with either [14C] radiolabelled or non-radiolabelled 
P AH molecules. 
The combustion of (14C] naphthalene reveals that naphthalene contained in the emissions 
derives from two sources: 
a. survival unchanged 
b. pyrosynthesis from other hydrocarbon molecules. 
[ 14C]naphthalene was recovered in diesel exhaust emissions after combustion of fuel spiked with 
C4C]naphthalene having a specific activity in the fuel burned of 140 I. 7 J..tCi mrnor1 in duplicate 
runs. The specific activity of the recovered (14C]naphthalene in the emissions averaged 320.0 J..tCi 
mrnor
1 for the duplicate runs. The reduction in the average specific activity indicated a source of 
inactive naphthalene, additional to that provided from the fuel, in the exhaust emissions. The 
C4C]naphthalene surviving combustion was calculated as 22.8% of the total (surviving and 
pyrosynthesised) amount of recovered naphthalene. The remaining 77.2% represented 
naphthalene pyrosynthesised from other components in the fuel. The total recovered naphthalene 
was 2.2% of the naphthalene in the diesel fuel so that the percentage of naphthalene surviving 
combustion was 0.5%. 
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Barbella et al. (1989) indicated that diesel exhaust PAH are slightly enriched in unsubstituted 
compounds originating from fuel alkylated P AH which have undergone oxidation of the alkyl 
side chain and from pyrolysis reactions. Henderson et al. ( 1984) used selected P AH dissolved in 
an aliphatic solvent (n-hexadecane) as fuel in a single cylinder diesel engine to examine 
relationships between diesel fuel aromaticity, PAH content and mutagenic activity associated 
with diesel soot. No naphthalene was detected in the exhaust extracts from the combustion of a 
single compound fuel containing 1-methylnaphthalene. This may be due to the fact that 
naphthalene was too volatile for the sampling system (dilution tunnel) to collect. Ciajolo et al. 
(I 992) investig~ted the formation of both soot and P AH during the combustion of tetradecane 
and tetradecane/1-methylnaphthalene in a diesel engine. These authors used fast sampling and 
chemical analysis of the combustion products and identified naphthalene as one of the major 
products. 
2-methylnaphthalene has been identified as a possible source of parent P AH in diesel 
exhaust emissions in a number of studies (Ciajolo et al., 1992; Collier, 1995; Tancell, 1995). 
The combustion of diesel fuel spiked with [14C]2-methylnaphthalene in this study is the first 
unequivocall demonstration that 2-methylnaphthalene is, in part converted to naphthalene 
during combustion. The diesel combustion of[14C]2-methylnaphthalene (364.9 J.!Ci mmol"1) led 
to the recovery of [14C]naphthalene and [14C]2-methylnaphthalene (I 95.2 11Ci mmol"1) in the 
exhaust emissions. The presence of [14C]naphthalene indicated that de-methylation of [14C]2-
methylnaphthalene had occurred during combustion. This result is unique, because unlike the 
work of Ciajolo et al. ( 1992), the fuel used was a standard A2 diesel rather than a single 
component fuel. Consequently, this result demonstrates the combustion of 2-methylnaphthalene 
in the complex chemical environment which exists when diesel fuel is burned in a diesel engine. 
The radiolabelled naphthalene accounts for 0.02% of the original activity introduced into the 
combustion chamber and this represents the percentage conversion of 2-methylnaphthalene to 
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naphthalene at the speed and load studied. The observed reduction in the average specific 
activity for 2-methylnaphthalene indicates an additional source of inactive 2-methylnaphthalene 
in the exhaust emissions. The total recovered 2-methylnaphthalene (surviving and 
pyrosynthesised) was 1.0% of the 2-methylnaphthalene in the diesel fuel. Of the recovered_ 2-
methylnaphthalene, 53.2% resulted from 2-methylnaphthalene surviving combustion and 46.8% 
was from pyrosynthesised 2-methylnaphthalene. 
The distribution of P AH in exhaust emissions will vary according to whether the reactions 
that produce and destroy P AH are themselves thermodynamically or kinetically controlled 
(Tancell, 1995). To determine whether emissions of P AH are kinetically or 
thermodynamically controlled Doel and Saunders (1994) studied the influence of 
thermodynamics on P AH distributions in diesel exhaust emissions. These authors compared 
. the distribution of peri and kata condensed P AH in diesel exhaust obtained experimentally 
with that predicted in a system at thermodynamic equilibrium. The predicted values were 
ascertained using the thermochemical values for P AH determined by Stein (1978). Kata-
annellated P AH molecules are defined as those in which the tertiary carbon atoms are 
centres of two inter linked rings (e.g. naphthalene), whereas pen-condensed PAH possess 
tertiary carbon atoms at centres of three interlinked rings (e.g. pyrene; Zander, 1983). Pen-
condensed P AH are more thermodynamically stable than kata-condensed P AH (Doel and 
Saunders, 1994). Doel and Saunders (1994) predicted a greater yield of pen-condensed 
P AH than kata-condensed P AH in the exhaust emissions if the formation of P AH was 
thermodynamically controlled. However, their experimental results showed the yield of the 
kat a-condensed P AH to be far greater than the yield of pen-condensed P AH. In addition, 
the concentration of neither the kata-condensed nor the pen-condensed P AH have the order 
of abundance predicted by their thermodynamic stabilities. 
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Thennodynamically predicted order of abundance; benzo[ghi]pyrelene >> pyrene > 
benzo[e]pyrene > pyrelene > benzo[a]anthracene >phenanthrene. 
Experimental order of abundance; phenanthrene >> pyrene >> benzo[a]anthracene > 
benzo[e]pyrene > benzo[ghi]pyrelene > pyrelene. 
These results imply that kinetic factors are more important than thennodynamic 
considerations during combustion in a diesel engine. The short combustion time (<I msec) 
and the inhomogenous distribution of fuel and combustion chamber temperatures may 
prevent the fonnation of equilibrium conditions required for thennodynamic control 
(Tancell, 1995). 
The novel radiochemical technique used in this research (Rhead et al., 1990; Trier et al., 1991; 
TanceU et al., 1995a) allows the distinction between surviving and pyrosynthesised PAH from 
both P AH and other organic fuel components to be made when burning a standard diesel fuel. 
Table 3.8 shows the extent of the contribution ofpyrosynthesis and survival to individual PAH in 
the exhaust emissions of the Prima diesel engine at 2500 rpm and 50 Nm. 
Table 3.8 Tire extent oft/re contribution ofpyrosyntlresis and survival to individual PAH in 
tire exlzaust emissions of tire Prima diesel engine 
Compound Contribution of pyrosynthesis to Contribution of sunival to the overall 
the overall recovery of the recovery of the individual PAH (%) 
individual PAH (%) 
Naphthalene 77.2 22.8 
2-Methylnaphthalene 46.8 53.2 
Fluorene* 26.5 73.5 
Pyre ne* 71.0 29.0 
Benzo[a]pyrene* 20.0 80.0 
*Tancell ( 1995) 
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The contribution of pyrosynthesis and sUJvival to the recovered P AH in the exhaust 
emissions shows a significant variation for each PAH studied. This may indicate selective 
formation mechanisms are operating for individual P AH (Tancell, 1995). If thermodynamic 
stability was controlling the extent of survival, pen-condensed structures (low H/C ratio) 
(pyrene and benzo [a] pyrene) would be expected to survive to a greater extent than the 
kata-condensed structures (Stein et al., 1977). This is clearly not the case during diesel 
combustion, with 2-methylnaphthalene (53.2%) and Fluorene (73.5%)(kata-condensed) 
surviving to a much greater extent than pyrene (pen-condensed) (29.0%) (Table 3.8). This 
is supported by the work of Doe! and Saunders, ( 1994). 
The percentage survivals of naphthalene and 2-methylnaphthalene obtained from the 
combustion of C4C]naphthalene and [14C]2-methylnaphthalene have complemented and 
added to the results of Tancell ( 1995). The percentage survivals obtained from this research 
and those ofTancell (1995) are presented in Table 3.9. 
Table 3. 9 The survival of {14Cjradiolabelled PAH in diesel exhaust as a percentage of 
the activity of the {14Cjradiolabelled PAH spiked into the fuel 
PAB Survival (%) 
( 1,4,5,8-14C)Naphthalene 0.50 
[8-14C]2-Methylnaphthalene 0.53 
(9-14C)Fluorene* 0.87 
[ 4,5,9, I0-14C)pyrene* 0.17 
(9, I0-14C]Benzo[a)pyrene* 0.04 
*Tancell, (1995) 
The percentage survivals for [14C]naphthalene and C4C]2-methylnaphthalene used in 
conjunction with the survivals of [14C]fluorene, C4C]pyrene and C4C]benzo[a]pyrene 
obtained by Tancell (1995) have allowed an investigation into the relationship between PAH 
survival and P AH molecular orbital parameters. Specifically, the highest occupied molecular 
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orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the molecule and 
the energy gap between the two. The correlation with resonance energy per 1t electron 
(REPE) for each P AH was investigated. The energy levels for the P AH of interest were 
calculated using the Htickel molecular orbital theory (HMO). The HMO energy levels for 
naphthalene are illustrated in Figure 3. 7. 
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Figure 3. 7 H iickel MO energy levels for naphthalene (in units of fJ) 
Energy levels are defined in terms of the coulomb integral (a) and the resonance integral 
W). The coulomb integral represents the energy of an electron in the field of its· own 
nucleus. In all carbon 1t systems this represents the energy of an electron in a C-2pz orbital, 
and can be regarded as a constant. The resonance integral represents the interaction of an 
electron in the field of a neighbouring nuclei, for adjacent nucleus (a-bonded) P= a constant 
and for a non-adjacent nucleus P = 0 (Isaacs, 1987). The energy level of the HOMO and 
LUMO in naphthalene are a-0.6P and a+0.6p, respectively. 
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In combustion systems the energy level of the LUMO is of greatest importance. The initial 
combustion reactions which dominate are radical reactions. The most important reactions 
between radicals and aromatic rings involve the LUMO of the aromatic nucleus and the 
single occupied molecular orbital (SOMO) of the radical (Tancell, 1995). 
The correlation of survival with both the HOMO energy level and the HOMO-LUMO 
energy gap was found to be poor. The later suggesting that insufficient energy was available 
in the combustion system to promote an electron from the HOMO to the LUMO. A poor 
correlation was also observed between REPE and survival of P AH, indicating that the 
thermodynamic stability of the P AH is unimportant when determining the extent to which 
these molecules survive the diesel combustion process. However, P AH survival was found 
to correlate linearly with the LUMO energy level (Figure 3.8; R2 == 0.98). 
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Figure 3.8 Relationship between PAH survival and LUMO energy level (Tancell et al., 
1995a) 
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The high correlation suggests that the dominant factor controlling the extent to which P AH 
survive combustion under given engine conditions is dependant upon the ease with which an 
attacking species can interact with the LUMO of the P AH. The lower the energy of the 
LUMO the greater the propensity for attack, and hence the lower the survival of the P AH. 
The linear relationship between survival and energy level of the LUMO for PAH means it is 
possible to predict the survivals of P AH molecules based entirely on their LUMO energy 
levels. This has allowed the prediction of the survivals for a number of P AH compounds 
The predicted survivals for benzene (LUMO energy level -l.OP), phenanthrene (LUMO 
energy level -0.605P) and fluoranthene (LUMO energy level -0.371 P) are 1.2%, 0.47% and 
0.03% respectively. These PAH compounds are commercially available [14C)radiolabelled, 
allowing similar radiolabelled combustion experiments to those described herein to be 
carried out. Analysis oftheir.C4CJlabelled exhaust emissions should yield survivals close to 
those predicted by the relationship described if the theory is correct. This would mean that 
the relationship could be used to predict the quantity of surviving P AH in exhaust emissions 
from the concentrations of P AH contained in fuel. This would only be true for the speed 
and load studied (2500 rpm and 50 Nm). The relationship between survival and energy level 
of the LUMO would need to be investigated over a range of speeds and loads before it 
could be used to predict the quantity of P AH surviving combustion from a fuel at a. given 
set of engine conditions. 
To investigate further the sources of naphthalene in exhaust enuss10ns, the fate of 1-
methylnaphthalene was investigated C4CJradiolabelled 1-methylnaphthalene was not 
available for the purpose, therefore, cold inactive 1-methylnaphthalene was used. 1-
methylnaphthalene was spiked in the fuel at approximately 4% enrichment. The likely 
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products of its combustion were investigated by comparison of the emissions from fuel 
enriched with 1-methylnaphthalene and unspiked fuel. 
Using the diesel enriched fuel technique (DEFT), I- methylnaphthalene was spiked into the 
fuel at concentration of 5.3% (46.2 g litre-1). The total percentage recovery for l-
methylnaphthalene in exhaust emissions was l. 0 l% for spiked and 0. 98% for the standard 
runs. 
Using the DEFT, 2- methylnaphthalene was spiked into the fuel at a concentration of 4.7% 
(40.8 g litre- 1). The total percentage recovery for 2-methylnaphthalene in exhaust emissions 
was 1.04% for spiked and 1.03% for the unspiked runs. The similarity of the percentage 
recovery for the spiked compared with the unspiked runs, is a good indication that the 
addition of a relatively large amount of this particular alkylaromatic compound to the fuel 
does not perturb the nature of the combustion process. 
The mass of naphthalene produced by the combustion of diesel fuel spiked separately with 
1-methylnaphthalene (46.2 g litre-1) and 2-methylnaphthalene (40.8 g litre "1) was 34 mg 
litre·• of fuel burned and 44 mg litre·• of fuel burned respectively at the engine conditions 
studied (2500 rpm and 50 Nm). This represented an increase in the mass of naphthalene 
contained in the exhaust of 8 mg litre·• of fuel burned for 1-methylnaphthalene and 18 mg 
litre·• of fuel burned for 2-methylnaphthalene. These increases in the mass of naphthalene in 
the exhaust emissions were presumably attributable to the additional masses of 1- and 2-
methylnaphthalene contained in the fuel as combustion of C4CJ2-methylnaphthalene had 
produced C4C]naphthalene demonstrating a demethylation pathway. Thus every 1 mg of 1-
methylnaphthalene burned produced I. 7 x I 04 mg of naphthalene, and every I mg of 2-
methylnaphthalene burned produced 4.4 x 104 mg of naphthalene. This gives percentage 
103 
conversion factors for 1- and 2-methylnaphthalene of 0.02% and 0.04% respectively. The 
percentage conversion factor for 2-methylnaphthalene (0.04%) compares well with that 
calculated for the radiolabelled 2-methylnaphthalene (0.02%). This is further evidence that 
enrichment with substantial addition of spike (ea. 4%) produces similar fates to components 
in fuel that are not enriched. Applying the calculated percentage conversion factors for l-
and 2-methylnaphthalene, it is possible to calculate the mass of naphthalene contained in the 
exhaust formed from 1- and 2-methylnaphthalene at the engine conditions studied for a 
standard litre of fuel. The concentrations of 1- and 2-methylnaphthalene in standard fuel are 
2750 mg litre·'- and 4040 mg litre"1 respectively. When 1-litre of standard fuel is burned at 
2500 rpm and 50 Nm the 1-methylnaphthalene will produce 0.5 mg of naphthalene and the 
2-methylnaphthalerie will produce 1.6 mg of naphthalene. The total mass of naphthalene 
contained in the exhaust at these engine conditions was 26 mg litre· 1 of standard fuel 
burned. Therefore the percentage contribution of naphthalene produced by the combustion 
of 1-methylnaphthalene contained in standard fuel to naphthalene contained in the exhaust is 
1.9% at 2500 rpm and 50 Nm. The percentage contribution of naphthalene from 
combustion of 2-methylnaphthalene contained in standard fuel to naphthalene contained in 
the exhaust is 6.1% at 2500 rpm and 50 Nm. 
Combining the results from these experiments allows a much clearer picture for the sources 
of naphthalene in diesel exhaust emissions to be obtained. Of the naphthalene recovered in 
exhaust emissions under conditions of 2500 rpm and 50 Nm, 22.8% came from that 
surviving combustion and 77.2% from pyrosynthesis. Of the 77.2% pyrosynthesised 
naphthalene, 1. 9% came from 1-methylnaphthalene and 6. 1% from 2-methylnaphthalene 
The remaining 69.2% may be formed from either aliphatic species (Cole et al., 1984) and/or 
from smaller aromatic molecules (Badger et al., 1966). This is represented in the form of a 
pie chart in Figure 3.9. 
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Figure 3. 9 Tile sources of naphthalene in the exhaust emissions of a DJ diesel engine. 
Engine conditions 2500 RPM and 50 Nm 
The results obtained from the combustion of 1- and 2-methylnaphthalene have allowed an 
investigation into the effect of the position of substitution on the P AH molecule. The 2-
methylnaphthalene isomer produces three times more naphthalene (1.6 mg litre-1) than 1-
methylnaphthalene (0.5 mg litre-1) . This may indicate that production of naphthalene from 2-
methylnaphthalene is a kinetically favoured pathway under the extremes of temperature and 
pressure regime in the combustion chamber. Dewar reactivity numbers can be used to 
predict the ease of substitution at a particular carbon atom in a P AH molecule (Dewar and 
Dougherty, 1975). The Dewar number is an estimate of the energy required to isolate either 
a space i.e. no electrons present, a single electron or a pair of electrons at the point of 
substitution; the lower the energy the easier the substitution reaction. The Dewar numbers 
for naphthalene are 1.81 and 2.1 for the 1- and 2- positions respectively. This would 
suggest that substitution would occur more readily at the 1- position, i.e. more naphthalene 
would be produced from 1-methylnaphthalene. 
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Morii et al. ( 1962) reported on the thermal demethylation of a mixture of 
methylnaphthalenes in the presence of pressurised hydrogen over a range of temperatures 
(580-560°C), pressures (6-60 atmospheres) and reaction times (5-30 seconds). Naphthalene 
was shown to be the major product of the thermal demethylation of methylnaphthalene, 
representing 95% of all the products formed. The equations for the rate constants for the 
conversion of 1- and 2-methylnaphthalene to naphthalene (Morii et al. , 1962) showed that 
1-methylnaphthalene demethylated faster than the 2-isomer. This being in agreement with 
the prediction suggested by the Dewar reactivity numbers for the 1- and 2- position. 
However, these results are in direct contradiction to those obtained during this research. 
Results obtained in the present study may tentatively be attributed to significantly higher 
pressures used, as peak pressure during the diesel cycle in a DI engine exceeds 100 
atmospheres (Bamard and Bradley, 1985), substantially higher combustion temperatures 
(peak combustion temperature = 2000 °C), and far shorter reaction times (cycle time = 24 
msec at 2500 rpm and 50 Nm). They may also be a function of the steric hindrance of the 
methyl moiety at C-1 by the hydrogen at C-8 (Figure 3.1 0). This type of congestion is 
absent near C-2 therefore making substitution at this point far easier. 
Figure 3.10 Steric hindrance in 1-methylnaphthalene (Vollhardt, 1987) 
Steric hindrance has a marked effect on the reactivity ofC-4 in phenanthrene (Figure 3. 11). 
The Dewar number for C-4 (1 .96) is less than C-2 (2.18) or C-3 (2.04) predicting that C-4 
is more reactive than C-2 or C-3 . This prediction neglects the effect of the steric hindrance 
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at C-4 which has been shown experimentally to be far less reactive than C-2 and C-3, 
contradicting the prediction from the Dewar number (Dewar and Dougherty, 1975). 
2 
6 5 4 3 
Figure 3.11 Positions of substitution in phenanthrene 
The oxidation of the methyl side chain in n-methylnaphthalene may represent a route to the 
formation of naphthalene during combustion in a diesel engine. Although no detailed studies of 
high temperature oxidation of alkylated P AH may be found in the literature, some studies of 
oxidation of the analogous alkylated monocyclic species toluene have been reported. The 
oxidation chemistry of alkylated P AH and alkylated monocyclics cannot be presumed to be the 
same although some similarities would be expected (Brezinsky, 1986). This assumption has been 
made by Pitsch (1996) in developing a detailed kinetic reaction mechanism for auto-ignition and 
oxidation of 1-methylnaphthalene. Oxidation of alkylated benzenes has been reviewed by 
Brezinsky (1986). Many ofthe studies were carried out at 1 atmosphere pressure or lower and 
thus may not be valid in the context of diesel combustion owing to the much higher pressures 
involved in the latter. However, Brezinsky (1986) postulates that the high pressures involved in 
combustion in an automobile engine will serve to feed •OH radicals into the system thus 
promoting an attack on the methyl group. Tully et al. ( 1981) has shown that the most effective 
attackers of the methyl group on a parent fuel molecule are •OH and H•. The •OH radicals are 
known to abstract H from the methyl group to produce a benzylic radical. An analogous attack 
of radicals applied to 1-methylnaphthalene combustion would give reaction (1). 
(1) 
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This reaction mechanism is analogous to that proposed by Pitsch ( 1996) for the main fuel 
consumption path of 1-methylnaphthalene during combustion in a plug flow reactor. The 
reaction mechanism proposed by Pitsch ( 1996) was validated by comparison with species 
concentration data in a plug flow reactor. Radical-radical reactions of benzyl with 0 atoms and 
hydroperoxy radicals, H02•, are responsible for the formation of large amounts of benzaldehyde 
found during the oxidation of toluene (Brezinsky et al., 1984). Significantly, large amounts of 
naphthaldehyde and naphthol have been found as products of the partial oxidation of 1-
methylnaphthalene in the research carried out by Ciajolo et al. (1992), in which tetradecane and 
tetradecane/1-methylnaphthalene underwent combustion in a single cylinder direct injection 
diesel engine. The benzaldehyde, formed during oxidation of toluene was attacked by radicals at 
the site of the easily removable aldehydic H. The benzoyl radical thus formed then easily 
decomposed to yield CO and the phenyl radical, which could form benzene if a source of H 
atoms were available (Brezinsky et al., 1984). The naphthaldehyde formed by partial oxidation 
of the side of chain of 1-methylnapthalene may foUow an analogous pathway to produce 
naphthalene. 
Another possible route to the formation of naphthalene from n-methylnaphthalene during 
combustion in a diesel engine is hydrogenalytic demethylation. Hydrogenalytic demethylation, 
(i.e. the reaction of an alkyl aromatic hydrocarbon and hydrogen to produce the parent aromatic 
hydrocarbon) (Y amada and Amano, 1983) of n-methylnaphthalene will involve competition 
between abstraction of a naphthylbenzylic-H by the H radical and displacement of the methyl 
group, reaction (2). 
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(2) 
The large concentration of methane produced during the oxidation of toluene supports the 
presence of the displacement path (Brezinsky et al. , 1984; Brezinsky, 1986). Pitsch (1996) has 
demonstrated that the main source of naphthalene during the first 20 ms of combustion in a plug 
flow reactor to be hydrogenalytic demethylation. The transitional state for the displacement 
pathway in reaction (2) may be analogous to the ipso-substituted cyclohexadienyl radical found 
in the de-methylation of toluene (Figure 3 .12; Mcmillen et al. , 1987). The intermediate formed 
from such H-transfers are known to rapidly break down to eliminate the methyl moiety (Barbella 
et al., 1989). 
Figure 3.12 Hydrogenalytic demethylation of toluene via a cyclohexadienyl radical 
(Mcmillen et al, 1987) 
The use of radiochemical and fuel enrichment experiments has produced a valuable insight into 
the fate of naphthalene during combustion and its sources in emissions. The fate of naphthalene 
during combustion can be divided into three routes, conversion to C02, conversion to other 
hydrocarbon species (pyrosynthesis); and survival. Using a radiolabelled technique the 
proportion of naphthalene contained in fuel that survives combustion in a diesel engine at mid 
speed and load has been unequivocally determined (0.5%). The conversion to C{h and 
pyrosynthesis may be grouped together as the remainder (99.5%). Conversion to C{h 
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presumably representing the larger portion of this amount. The naphthalene present in emissions 
was from two sources, naphthalene surviving combustion (22.8%) and naphthalene 
pyrosynthesised from other hydrocarbons (77.2 %). Of the naphthalene pyrosynthesised during 
combustion 8.0% came from the 1- and 2-methylnaphthalene isomers. The large number of di-
and tri-methyl isomers in the fuel may represent a significant source for the remaining 69.2% of 
the pyrosynthesised naphthalene in the emissions. Alternatively, pyrosynthesis of PAH from 
unsaturated hydrocarbons, as suggested by the early work of Badger and Novotny (I 963) may 
be significant. 
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Chapter4 
The Fate of n-Aikylnaphthalenes During Combustion in a Diesel Engine 
4.1 Introduction 
This chapter is an endeavour to understand the fate of n-alkylnaphthalenes during 
combustion in a modem DI diesel engine. Its objective is the unequivocal assessment of the 
sources of naphthalene in the emissions from n-alkylnaphthalenes. The limited knowledge of 
the nature of combustion of n-alkylP AH and their associated emissions makes an 
understanding of their combustion and emissions important. In the experiments reported 
herein, a standard A2 diesel fuel spiked with 2-ethylnaphthalene was burned in a modem DI 
diesel engine and the expected products of combustion (naphthalene and/or 
methylnaphthalenes) sought in the emissions. 2-Butylnaphthalene was employed in a 
separate experiment to investigate the possibility that alkyl-PAH could form larger 
condensed aromatic structures during pyrolysis. It was thought that this structure may 
facilitate the formation of phenanthrene or anthracene by cyclodehydrogenation. 
4.2 Experimental 
Full experimental details of the techniques used for exhaust sampling are given in Chapter 2, 
Section 2.5. Engine conditions and experimental details specific to this study are given 
below. 
2-Ethylnaphthalene was purchased from Aldrich (purity confirmed by GC was >98%) and 
dissolved in diesel fuel (I I) to produce a concentration of approximately 4%. 
2-Butlynaphthalene was not commercially available but was synthesised by the method of 
Haworth (1933). This involved addition of butyryl chloride to naphthalene via a Friedel-
Crafts acylation reaction to produce 2-butylnaphthylketone, followed by reduction of the 
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keto group by a Clemmensen reduction to yield 2-butylnaphthalene. Alternatively, the 2-
butylnaphthylketone so obtained could be reduced by a Wolf-Kishner reduction. Both 
routes (Figure 4.1) were investigated to assess their relative efficiency The methods given 
in Vogel (1978) were followed throughout. 
+ 
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[b] Wolf-Kishner reduction 
~ H2NNH2 
Figure 4.1 Synthesis of 2-butylnaphthalene 
4. 2.1 Synthesis of 2-Butylnaphthylketone 
A 3-necked round bottomed flask (2 I) was equipped with (a) a mechanical stirring unit, (b) 
a pressure equalising dropping funnel fitted with a calcium chloride guard tube, and (c) a 
stopper in the third neck. Naphthalene (192 g, I.S mol) and nitrobenzene (380 ml, 4.26 
mol) were added to the flask. The mixture was stirred until the naphthalene had dissolved. 
To this solution, butyryl chloride (IS S ml, I. S mol) was added from the pressure equalising 
dropping funnel. The mixture was then cooled to -S0 C. Anhydrous aluminium chloride 
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(200 g, 1.49 mol) was added in 50 g portions over a period of 90 minutes. The reaction 
mixture was stirred vigorously during this time. The aluminium chloride dissolved and a 
deep green coloured solution developed. After 90 minutes the stirrer was removed and the 
central neck stopperd. Into the side necks of the flask were fitted a drawn out capillary tube 
and a tube leading through a filter flask trap to a water pump, respectively. The pressure in 
the flask was reduced to 15-20 mmHg and hydrogen chloride gas was evolved. When no 
more gas was evolved an excess of crushed ice was added to the flask and the nitrobenzene 
layer was separated. The nitrobenzene layer was washed with two portions (100 ml) of an 
aqueous sodium carbonate solution (5%). The dried nitrobenzene solution was then distilled 
under reduced pressure. The nitrobenzene distilled at 95-IOO.C/16 mmHg. The temperature 
then rose rapidly and the crude product was collected at 195.C/16 mmHg 83.6 g (28.0%). 
The crude 2-butylnaphthylketone was purified by recrystallization from glacial acetic acid. 
The yield of pure 2-butylnaphthylketone was 72.38 g (24.4%), and its melting point was 
53°C. The infrared spectrum (IR) (Figure 4.2a) shows many of the characteristic 
absorptions expected. The C=O stretch was evident at 1680 cm_., Absorptions at 860, 820 
and 750 cm-1 are evidence for the aromatic nature of the sample, the absorption intensities 
also confirmed the substitution in the 2-position of the naphthalene. C-H symmetric and 
asymmetric, stretching and deformations are characterised by absorptions at 2990, 2970, 
1470 and 1460 cm-1 respectively. 
GC-MS data (Figure 4.2b) showed the compound to have a parent ion of the same mass as 
2-butylnaphthylketone (!98 m.u.). Identity of the synthesised compound was confirmed by 
comparison with the mass spectrum of 2-butylnaphthylketone from a National Bureau of 
Standards (NBS) reference mass-spectrum library. 
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A 13C NMR spectrum (Figure 4.3a) showed resonances at 13.874 - 40.487 ppm which are 
owing to the alkyl carbons, resonances at 123.845-135.418 ppm result from aromatic 
carbons, and the resonance at 200.286 ppm is caused by the carbonyl carbon. The 1H NMR 
(Figure 4.3b) spin spin splitting for the structure is consistent with that of 2-
butylnaphthylketone. 
4.2.2 Synthesis of 2-Butylnaphthalene 
2-Butylnaphthalene (Clemmensen Reduction.) 
Amalgamated ~inc wool (60 g, 0.91 mol) was prepared. The zinc wool was placed in a 3-
necked round-bottomed flask ( 1 I) and washed with acetone followed by water. A solution 
of mercuric chloride (5 g, 0.016 mol), water (100 ml) and concentrated HCI (90 ml) was 
added to the zinc and the mixture was shaken gently for 5 minutes. The solution was 
decanted from the zinc wool and replaced by water ( 40 ml), concentrated hydrochloric acid 
(90 ml), toluene (50 ml, 0.46 mol) and 2-butylnaphthylketone (50 g, 0.25 mol). A reflux 
condenser and an efficient gas absorption device were fitted to the flask. The reaction 
mixture was refluxed vigorously for 30 hours. At successive intervals during refluxing, 
portions (25 ml) of concentrated hydrochloric acid were added to maintain the 
concentration of the acid. Upon cooling to room temperature two layers separated. The 
aqueous portion was diluted with water (I 00 ml) and extracted with ether (3 x 50 ml,). The 
toluene layer and the ether extracts where combined, washed with water and dried over 
anhydrous magnesium sulphate. The solvent was removed by rotary evaporation and the 
purity analysed by GC. This showed a large amount of starting material remaining (Figure 
4.4a). Refluxing with amalgamated zinc for a further I 0 hours did not improve the yield of 
2-butylnaphthalene (crude yield 31. 74g, 69%). 
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Figure 4.2 (a) Infra-red absorbance spectrum for synthesised of 2-butylnaphthylketone. 
(b) Mass spectrum for synthesised 2-butylnaphthylketone and comparison with mass 
spectrum from a 49K NBS reference mass spectrum library. 
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Figure 4.3 (a) 13C NMR spectrum of synthesised 2-butylnaphthy/ketone. (b) 1H NMR 
spectrum of synthesised 2~butylnaphthylketone. 
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The Friedei-Crafts acylation of naphthalene with butyrylchloride was repeated and the 
product reduced by Wolf-Kishner reduction as an alternative to the above procedure in an 
attempt to improve the yield. 
2-Butylnaphthalene (Wolf-Kishner Reduction, Huang-Minlon Modification) 
A mixture of 2-butylnaphthylketone (50 g, 0.25 mol), potassium hydroxide (50 g, 0.89 
mol), triethylene glycol (400 ml, 3.00 mol) and 85% hydrazine hydrate (24 ml, 0.78 mol) 
was heated under reflux for 2 hours in a I litre 3-necked round-bottomed flask. The mixture 
was distilled until the temperature of the contents of the flask reached 175°C-I78°C to 
remove residual water. The mixture was then refluxed for a further 3 hours at l90°C-l92°C. 
The reaction mixture and aqueous distillate were then cooled and both extracted with ether 
(2 x 50 ml). The ether residues were combined, washed with hydrochloric acid (2 x 25 ml, 
6 M), and then water. The solution was dried over anhydrous MgS04, the ether removed by 
rotary evaporation, and the product purified by reduced pressure distillation l44-l46°Cil 0 
mmHg. The final yield of pure material was 39.31 g (72.27%). 
The GC trace (Figure 4.4b) clearly shows that the Wolf-Kishner reduction was more 
successful than the Clemmensen reduction (Figure 4.4a). The IR spectrum (Figure 4.5a) 
shows the absence of an absorption at 1690 cm-1 indicating the absence of a carbonyl group. 
The GC-MS (Figure 4.5b) data shows clearly that reduction has taken place, the parent ion 
of the compound is 184 m.u. indicating a loss of 18 m.u. consistent with the reduction of 
C=O to CH2. 13C NMR (Figure 4.6) shows the absence of a resonance at 200.286 ppm 
indicating the loss of a carbonyl group. The 2-butylnaphthalene was shown to have a 
chemical purity of>98% by GC. 
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4.2.3 Emissions Sampling 
The quantity of synthesised 2-butylnaphthalene and the high cost of the 2-ethylnaphthalene 
precluded a bulk fuel analysis of diesel fuel spiked with either 2-butylnaphthalene or 2-
ethylnaphthalene. Bulk fuel analysis requires 5-litres of fuel and 172 g of the compound. 
Instead bulk fuel analyses was performed on fuel spiked with 1- and 2-methylnaphthalene 
(4%) (Table 3.1). The cetane number (CN) was found to vary by <I CN unit for the spiked 
fuel when compared with the standard fuel. Similarly, variations in density, aromatic content 
and full boiling point (FBP) (<0.005 kg/m3, <2.5 [%wt] and <0.5°C respectively), were 
shown to be comparatively small, demonstrating that the addition of a large concentration 
of alkylated P AH to fuel produces only very small variations in the properties of the fuel 
when compared with standard fuel. The assumption may be reasonably made that negligible 
differences in the cylinder combustion conditions will occur in the combustion of fuel spiked 
with up to 4% 2-ethylnaphthalene or 2-butylnaphthalene (Brear, 1995). 
The engine was conditioned at full speed and load for I hour, and then at the chosen 
sampling conditions (2500 rpm and 50 Nm) for a further IS minutes. 
Diesel fuel spiked (approximately 4%) with 2-butylnaphthalene was added to the fuel system 
using the Plint, (a graduated measuring burette ,400 ml) contained in the fuel circuit. This was 
also used to determine fuel consumption (Figure 3. I). The fuel circuit was isolated from the main 
fuel tank (fuel tank isolation switch, Figure 3.1) to prevent contamination ofthe main fuel supply 
with the spiked fuel. The engine was allowed to run on the spiked fuel for 3 minutes to allow the 
engine to equilibrate to the new running conditions. After each exhaust sample had been taken, 
an aliquot of fuel was removed to allow an accurate determination of the concentration of spike 
contained in the fuel. 
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Figure 4.4 (a) Gas chromatogram of the crude end product obtained from the 
Clemmensen reduction of 2-butylnaphthylketone, peak A, 2-butylnaphthalene, peak B, 
2-butylnaphthylketone. (b). Gas chromatogram of the crude end product obtained from 
the Wolf-Kishner reduction of 2-butylnaphthy/ketone, Peak A, 2-butylnaphthalene. 
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Figure 4. 6 13 C NMR spectrum of synthesised 2-buty/naphtha/ene. 
The initial percentage concentration of 2-butylnaphthalene (ea. 4%) spiked in to the fue~ was 
significantly lowered (0.85%) owing to dilution of the spiked fuel by fuel already in the system. 
The problem of excessive dilution of the spiked fuel was overcome by the addition of an auxiliary 
fuel tank to the system. The main fuel supply was isolated (auxiliary fuel circuit switches, Figure 
3 .1) and the residual fuel in the circuit was run to waste for a period of 3 minutes to prevent any 
dilution ofthe spiked fuel with fuel remaining in the system (Figure 3.1). The diesel fuel enriched 
with 2-ethylnaphthalene was shown to have a concentration of 2. 81% wt/wt during sampling. 
Replicate (x2) emission samples were taken using standard fuel to establish a baseline for 
emissions prior to spiked experiments. The rate of fuel consumption at 2500 rpm and 50 Nm 
was 45 ml min-1 and the exhaust sampling time was 30 seconds. Deuterated standards were 
added to the exhaust samples immediately after their collection from TESSA to facilitate the 
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accurate determination of chemical losses during work up (Section 2.2.5). The fuel and 
emissions samples were analysed by GC and GC-MS ( Section 2.2.4). 
4.3 Results 
The average percentage recovery of 2-butylnaphthalene from the exhaust after combustion 
of fuel spiked with 2-butylnaphthalene (0.86% wt/wt) for two exhaust runs was 0.7% of the 
2-butylnaphthalene burned. The percentage recoveries determined for other selected PAH in 
the exhaust of both the spiked and standard fuel are presented in Table 4.1. The inter-
sample variation makes it difficult to clearly establish an increase in the concentrations of 
naphthalene, alkylnaphthalenes and phenanthrene in the exhaust of the spiked fuel. The only 
exception being 2-vinylnaphthalene, this compound shows a two fold increase in mass in 
the exhaust of the spiked fuel. This represents a yield of 0.08% of 2-vinylnaphthalene from 
the 2-butylnaphthalene spiked into the fuel. A visual inspection of the GC traces of the 
spiked and unspiked exhaust samples (Figure 4. 7) shows an increase in the level of 2-
vinylnaphthalene relative to C2-naphthalenes. This can be seen by comparing the ratio for 
the peak heights of2-vinylnaphthalene (I) and 1,2-dimethylnaphthalene (2). In the unspiked 
exhaust the ratio of peak heights ( 1 ):(2) is 0.4, whilst in the spiked exhaust the ratio of peak 
heights (1 ):(2) is 1.0. 
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Table 4.1 The percentage recovery of selected PAH relative to the co"esponding mass of fuel PAH consumed during combustion in a DJ 
diesel engine. Showing emissions from combustion of standard A2 diesel fuel and standard A2 diesel enriched with 2-butylnapltthalene 
Compound 
Run Naphthalene 2-Methylna.phthalene l·Methylnaphlhalene 2,6/2,7- 1,3 and 1,6/1,7- 2-V"mylnaphthalene 2-butylnaphthalene Phenanthrene 
Dimethylnaphthalene Dimethylnaphthalene 
Perceniage recoVery of i 2.13 1.66 1.55 0.87 0.96 4.5•10~0 N.P.0 
compound relative to the 
mBSs of compound ii N.D." 0.72 0.71 0.71 0.80 2.8•lO~b N.P.0 
burned in standard fuel 
MIISS (mg) of compound i 27.48 67.06 42.62 29.23 34.85 3.90° N.P.0 
recovered from the mass 
(mg) of compound in 1- ii N.D." 29.08 19.52 23.86 29.04 2.49d N.P. 0 
litre of fuel 
Percentage recovery of i 2.25 1.88 uo l.l5 1.26 l.3xl0.30 0.81 
compound relative to the 
mass of compound ii 2.11 1.72 1.32 0.97 1.04 
o.8•lO.,b 0.53 
burned in SQiked fuel 
Mass (mg) of compound i 29.02 75.95 41.25 38.64 45.74 ll.68d 59.94 
recovered from the mass 
(mg) of compound in 1- ii 27.22 69.48 36.30 32.59 37.75 
7.30d 
39.22 
litre of fuel 
"N.D. -No data available 
b 2-vinylnaphthalene is not present in diesel fuel, therefore the value quoted is the mass of 2-vinylnaphthalene recovered as a percentage of the mass of !-litre of fuel 
c N.P. -Not present in diesel fuel. 
d 2-vinylnaphthalene is not present in diesel fuel, therefore the value quoted is the mass of 2-vinylnaphthalene recovered per litre of fuel burned (863gl"1) 
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0.74 
0.66 
6.93 
6.24 
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(2) 1 ,2-Dimethylnaphthalene 
Figure 4. 7 (a) i, Gas chromatogram of the aromatic fraction of the combustion products 
of a standard A2 dieseL (a) ii, Gas chromatogram of the aromatic fraction of the 
combustion products of a standard A2 diesel spiked with 4% 2-butylnaphthalene. (b) i, 
Region of gas chromatogram (a) i, from 14-18 minutes showing 2-vinylnaphthalene (1) 
and 1,2-dimethylnaphtha/ene (2), ratio of 1:2 = 0.4. (b) ii, Region of gas chromatogram 
(a) ii,from 14-18 minutes showing 2-viny/naphthalene (1) and 1,2-dimethy/naphthalene 
(2), ratio of 1:2 = 1.0. 
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The 2-ethylnaphthalene recovered in the exhaust after combustion of fuel spiked with 2-
ethylnaphthalene (2.81% wt/wt) was 0.1% (average of two exhaust runs) of the 2-
ethylnaphthalene burned. The percentage recovery of selected P AH relative to the 
corresponding mass of fuel P AH, for emissions from combustion of standard diesel fuel and 
diesel fuel enriched with 2-ethylnaphthalene are presented in Table 4.2. As with the 
combustion of fuel enriched with 2-butylnaphthalene, the inter-sample variation for the PAH 
studied in the combustion of fuel spiked with 2-ethylnaphthalene, makes it difficult to 
clearly establish an increase in the concentration of the selected P AH with the exception of 
2-vinylnaphthalene. This compound shows a 2.5 fold increase (in mass) in the exhaust of the 
spiked fuel. 
This increase in the level of2-vinylnaphthalene can be seen from the GC traces (Figure 4.8) 
by comparing the ratio for the peak heights of 2-vinylnaphthalene (2) and I ,2-
dimethylnaphthalene (3). In the unspiked exhaust the ratio of peak heights (1):(2) is 0.4, this 
is reversed in the spiked exhaust with the ratio of peak heights (1):(2) is 2.0. The extent of 
conversion of 2-ethylnaphthalene spiked in the fuel to the vinyl-derivative in this 
experiment, after correction for the formation of 2-vinylnaphthalene from other sources in 
the fuel, was 0.01%. Tancell (1995), using the same engine and sampling system, has shown 
the extent of conversion of 2-ethylphenanthrene to 2-vinylphenanthrene to be similar 
(0.01%). The conversion of 2-butylnaphthalene to 2-vinylnaphthalene is greater (0.08%) 
and may indicate a kinetically favoured pathway to the formation of the vinyl-derivative 
from the longer butyl side chain (Tancell et al., 1996) 
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Table 4.2 The percentage recovery of selected PAH relative to the co"esponding mass of fuel PAH consumed during combustion in a DJ 
diesel engine. Showing emissions from combustion of standard A2 diesel fuel and standard A2 diesel enriched with 2-ethylnaphthalene 
Compound 
~ Naphthalene 2-Methylnaphthalene 1-Melhylnaphtlllilene 2-Eihylnaphlhalene 2-Vinylnaphthalene Phenarithrene 
Percentage recovery of i 1.57 0.94 1.01 0.13 3.2xlo~· 0.58 
coinpound relative to the 
mass of compound 11 1.56 0.92 0.99 0.13 
1.9x 10~8 0.46 
burned in standard fuel 
Mass (mg) of compound i 20.28 38.14 27.78 2.19 2.80b 5.45 
recovered from the mass 
(mg) of compound in 1- ii 20.23 37.00 27.22 2.15 
2.24b 
4.32 
litre of fuel 
Percentage recovery of i 2.00 1.17 1.17 0.16 7.3xl0-411 0.67 
compound relative to the 
mass of compound 11 1.46 0.93 0.93 0.10 5.8xlo~· 0.45 
burned in !!liked fuel 
Mass (mg) of compound i 25.80 47.29 32.17 36.96 6.37b 6.30 
recovered from the mass 
(mg) of compound in 1- ii 18.83 37.57 25.57 23.10 
5.01b 
4.23 
litre of fuel 
• 2-vinylnaphthalene is not present in diesel fuel, therefore the value quoted is the mass of 2-vinylnaphthalene recovered as a percentage of the masss of !-litre of fuel. 
b 2-vinylnaphthalene is not present in diesel fuel, therefore the value quoted is the mass of2-vinylnaphthalene recovered per litre of fuel burned (863g r') 
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Figure 4. 8 (a) i, Gas chromatogram of the aromatic fraction of the combustion products 
of a standard A2 dieseL(a) ii, Gas chromatogram of the aromatic fraction of the 
combustion products of a standard A2 diesel spiked with 4% 2-ethylnaphtha/ene. (b) i, 
Region of gas chromatogram (a) i, from 14-16 minutes showing 112-ethy/naphtha/ene 
(1), 2-vinylnaphtha/ene (2) and 1,2-dimethylnaphthalene (3), ratio of 2:3 = 0.4. (b) ii, 
Region of gas chromatogram (a) ii, from 14-16 minutes showing 112-ethylnaphtha/ene 
(1), 2-vinylnaphtha/ene (2) and 1,2-dimethylnaphtha/ene (3), ratio of 2:3 = 2. 0 
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4.4 Discussion 
The results of this research have shown that combustion of 2-butylnaphthalene and 2-
ethylnaphthalene in fuel gave yields of 0.08%, and 0.0 I% respectively for the formation of 
2-vinylnaphthalene. A mechanism for the formation of the vinyl moiety has been proposed 
based on the work of Brezinsky ( 1986). The initial step in the formation of the vinyl group 
is the removal of the naphthylbenzylic H atom. The benzylic C-H bond is weak because 
after its rupture the benzene re system can enter into resonance with the adjacent radical 
centre, a phenomenon called benzylic resonance (Vollhardt, 1987). The naphthylbenzylic H 
atom may be removed by unimolecular decay or by an attacking radical species such as 
"OH, "H, "0, H0"2 and fuel hydrocarbon radicals resulting from initiation processes. Once 
the hydrocarbon radical is formed it will decompose at a bond once removed from the 
position of the radical, this is termed the P-scission rule (Dryer and Glassman, 1977). These 
authors demonstrated that where there is a choice between a C-H bond and a C-C bond, as 
is the case with 2-butylnaphthalene, the C-C bond is broken owing to its lower bond 
strength. The P-scission is initiated by the strong tendency for electron pairing; the odd 
electron associated with the atom at the point where the radical is formed is donated to 
form a new bond with an adjacent atom. The formation of the new bond requires cleavage 
of the bond P to the position of the free radical to allow donation of an electron to form the 
electron pair in the new bond (Figure 4.9). 
oo~H2CH3 
Figure 4. 9 ~scission of 2-butylnaphthalene 
The reaction mechanism postulated for the formation of 2-vinylnaphthalene from both 2-
ethylnaphthalene and 2-butylnaphthalene is illustrated in Figure 4.1 0. 
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Figure 4.10 Proposed reaction scheme for the formation of 2-vinylnaphthalene from (a) 
2-butylnaphthalene and (b) 2-ethylnaphthalene 
The greater percentage recovery of 2-vinylnaphthalene from combustion of 2-
butylnaphthalene (0.08%) than from combustion of 2-ethylnaphthalene (0.01%) may be 
explained in terms of C-C, and C-H bond energies. No bond dissociation energies for the 
appropriate C-C or C-H bonds are available for n-ethylnaphthalene, n-butylnaphthalene or 
the analogous alkylbenzenes. However, these bond energies are available for ethane and 
butane. The bond energy for the C-H bond in ethane which would undergo ~-scission upon 
formation of the ethane radical (bond energy-395 kJ mole-1) is greater than the bond energy 
of the C-C bond which would undergo P-scission upon formation of the butane radical 
(bond energy-339 kJ mole-1; Mcmillen and Golden, 1982). Hence, ~-scission of the C-C 
bond in butane would be easier than ~-scission of the appropriate C-H bond in ethane 
(Figure 4.1 I). Therefore, predicting the formation of more ethene from butane pyrolysis 
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than from ethane pyrolysis. Application of this reasonmg to 2-ethylnaphthalene and 2-
butylnaphthalene pyrolysis may explain the formation of more 2-vinylnaphthalene from 2-
butylnaphthalene than from 2-ethylnaphthalene. 
(b) 
Figure 4.11 Formation of ethenefrom (a) ethane and (b) butane by P-scission 
Vinylaromatic species have been observed in a number of pyrolysis and combustion studies 
(Cole et al., 1984; Frenklach et al., 1984; Lam et al., 1988; Freund and Olmstead, 1989; 
Saito et al., 1991; Frenklach and Wang, 1990; Tancell, 1995, Pitsch 1996). Notably Tancell 
(1995) demonstrated the formation of vinylphenanthrene from ethylphenanthrene during 
combustion in a Prima diesel engine. The formation of the vinyl moiety during combustion 
in a diesel engine has important implications with regard to the production of soot. The 
reaction mechanism proposed by Frencklach et al. ( 1984; 1990) illustrated in Figure 1.10 
highlights the involvement of vinylaromatic species in the formation of more condensed 
P AH molecules, eventually growing large enough to appear as young soot particles. This is 
generally accepted as the mechanism for the formation of a soot nucleus (Saito et al., 
1991 ). These soot nuclei develop by coagulation and surface growth through reaction with 
the gas phase to form mature soot particles. The aerodynamic diameters of soot particles 
produced by diesel combustion range from 0.1-0.31-!m (Scheepers and Bos, 1992b ). 
Atmospheric levels of particulate matter with an aerodynamic diameter equal to or less than 
1 01-!m (PM 10) have shown statistically significant correlation with daily mortality and 
respiratory morbidity (Pope et al., 1992). A biological mechanism for the mortality and 
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morbidity caused by PM10 has been proposed by Seaton et al. (1995). These authors 
proposed a mechanism involving acidic moieties attached to soot particles provoking 
alveolar inflammation leading to changes in blood coaguability and the release of mediators 
capable of provoking respiratory illness. A reduction in the concentrations of n-
alkylaromatics greater than methyl in length contained in diesel fuel may reduce production 
of vinyl species during combustion and ultimately reduce production of soot from this 
source. 
The results of this work are also in good agreement with those of the pyrolysis experiments 
of Smith and Savage ( 1991 ), who pyrolysed a large number of alkyl-aromatic hydrocarbons. 
They predicted the products of pyrolysis using a model based on Dewar reactivity numbers. 
Smith and Savage (1991), included in their investigation, the pyrolysis of a series of 
alkylaromatic compounds including 2-butylnaphthalene. These alkylaromatic compounds 
(10 mg) were pyrolysed over a range of temperatures (375°C-425°C) and times (10-159 
minutes). This allowed them to propose a general reaction network for alkylarene pyrolyses, 
comprising two main parallel pathways. The first operated through scission of a C-C bond 
in the alkyl side chain and produced three product groups: 
1. methylated PAH and the corresponding Cn-I H2(n-I)+2 alkane, (where n =no. of 
carbon atoms) 
2. the vinylarene (e.g. styrene) and the corresponding Cn-2 H2<n·2l alkene, 
3. a series of minor products consisting of alkenes of varying chain lengths and the 
corresponding alkyl P AH. 
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This reaction pathway is analogous to the pyrolysis of n-alkylbenzene. Pyrolysis of 2-
butylnaphthalene was shown to follow this pathway, and produced 2-vinylnaphthalene in 
small yields. 
The second maJor pathway involved SCISSion of the aryl-alkyl C-C bond to yield the 
aromatic nucleus and the alkene. The relative importance of these two pathways was 
investigated and found not only to be independent of the length of the alkyl side chain but 
dependent on the point of substitution in the aromatic molecule, and related to the 
localisation energy of the compound through Dewar reactivity numbers. The effect of 
structure on the products of pyrolysis focused on pathway 2, which involved the breaking of 
the aryl-alkyl C-C bond. The mechanism responsible for this is a substitution reaction in 
which the alkyl side chain is replaced by a hydrogen atom (Smith and Savage, 1991). For an 
aromatic substitution reaction which proceeds by attack at one atom, an addition complex 
(Wheland intermediate) is formed. The carbon atom at the position of attack is bound 
simultaneously to the outgoing hydrogen and the incoming substituent. Thus giving the 
intermediate a momentary tetrahedral configuration (Figure 4.12) (Salem, 1974). 
X H 
Figure 4.12 Wile/and intermediate for naphthalene. The dotted line represents the limit 
oft/le conjugated systemS, and r the localised carbon atom (Salem, 1974). 
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S is an odd alternate hydrocarbon system, therefore an estimate of the energy required to 
isolate either a space, i.e. no electrons present (nucleophilic substitution), two electrons 
(electrophilic substitution) or a single electron for free radical substitution at the point of 
substitution can be obtained from the Dewar reactivity number (Equation 4.1) 
Nr = 2Jl(aor + 8os) (Dewar, 1952) 
where: 
N, is the Dewar reactivity number, 
~ is the resonance integral, 
a.,. and ao, are the coefficients of the non-bonding molecular orbitals at positions adjacent to the 
point of substitution. 
Equation 4.1 Dewar reactivity number 
Dewar reactivity numbers for the 2 possible positions of substitution have been calculated 
and are shown in Figure 4.13. The lower the Dewar number, the lower the energy required 
to isolate either a space, a single electron or a pair of electrons at the position of 
substitution. Dewar numbers predict the difference of reactivity at the 1- and 2- positions in 
naphthalene, with the former being more reactive than the latter 
1.81 
©~t 
Figure 4.13 Dewar reactivity numbers of naphthalene. 
Smith and Savage ( 1991 ), found they could predict that alkyl-aryl C-C bond cleavage 
(pathway 2) would occur only where the alkyl substituent occupied a carbon centre with a 
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Dewar reactivity number of less than 1.33. For compounds with a Dewar number greater 
than 1. 81, cleavage of the C-C bond in the 13 position in the alkyl chain (pathway I) was 
dominant. For alkyl-aromatics substituted at positions of interme.diate reactivity number, a 
mixture of the two main product groups would be expected. The Dewar reactivity number 
for the 2 position in naphthalene is 2.12. Therefore alkyl-aryl carbon bond cleavage would 
not be expected to occur. Instead cleavage of the alkyl C-C bond at the 13 position would be 
the preferred reaction, leading to the formation of 2-vinylnaphthalene as is seen to be the 
case, thus supporting the hypothesis of Smith and Savage (1991). Further support for this 
hypothesis comes from the results of Tancell et al., (1996). These authors have shown that 
the main pyrosynthetic product from the combustion of 2-ethylphenanthrene spiked in diesel 
fuel is 2-vinylphenanthrene (0.01% yield). The Dewar reactivity number at the position of 
substitution being 2.18 predicts that pyrolysis would follow pathway 1, to produce the vinyl 
derivative. Vinylaromatics are thermodynamically stable at high temperatures owing to the 
stability introduced through conjugation of the n-electrons of the aromatic nucleus with the 
vinyl moiety (Stein, 1985). 
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Chapter 5 
The Effect of Speed and Load on PAH Emissions 
5.1/ntroduction 
This chapter reports on the fate of P AH in exhaust emissions over a range of speeds and 
loads. The speeds and loads used were under steady state conditions, i.e. constant speed 
and load. The major sources of primary hydrocarbon emissions in diesel engine are: 
a) Survival of the compound from the fuel. 
b) Combustion _reactions in which organic compounds are pyrosynthesised from other fuel 
components. 
c) The input of P AH contained in the lube oil. 
The input ofPAH contained in lube oil to exhaust emissions was considered in Section 2.6, 
and was shown to be negligible. The following study focuses on the survival and 
combustion products of burned diesel fuel. As engine emissions are strongly influenced by 
driving conditions and cycles, the contribution of survival and pyrosynthesis to emissions 
may be affected by differing engine conditions. The primary concern of this research 
programme was to investigate the fate of two ring aromatic compounds during combustion 
and their sources in emissions. This study reports on the sources of naphthalene 
(pyrosynthesised and survived) at different speeds and loads using the radiolabelled 
technique detailed in Section 2.5.2. Information regarding the recovery of other selected 2-
and 3-ring P AH molecules is also presented. No data is available on the relative contribution 
of survival and pyrosynthesis to the total mass of these recovered compounds as they were 
not radiolabelled. 
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5. 2 Experimental 
A brief summary of the techniques used and the engine conditions studied are given below. 
Full experimental details are given in Chapter 2. 
The radiolabelled C4C]naphthalene was received from Sigma as solid (1000 ~Ci) and was 
dissolved in 1 ml of fuel to facilitate its introduction into the combustion chamber. Ten 
aliquots of fuel were required for exhaust sampling. Aliquots (I 0 x I 00 ~I) of fuel were 
removed and diluted with fuel ( 400 ~1). The activity of the fuel samples was determined by 
static scintillation counting (Section 2.5.3 .I). 
Prior to emissions sampling, the engine was conditioned at full speed and load for I hour, 
and then at the chosen sampling conditions for a further 15 minutes. The engine conditions 
used during sampling are presented in Table 5.1. 
Table 5.1 Engine conditions 
Engine conditions 
Speed Load Power' 
(rpm) (Nm) (kw) 
1000 5 0.52 
100 10.47 
2500b 50 13.08 11 
3000 5 1.57 
100 31.41 
' Power(kw)=Speed(rpm)x2ro'60x load(Nm)/1 000 
b Values presented for this speed and load range (2500 rpm and 50 Nm) are from a previous experiment 
(Chapter 3). 
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Duplicate exhaust samples were taken at each speed and load. The samples were spread 
over the period of a week to conform with radiological emissions regulations consistent 
with the existing licence. Ideally, the samples would have been taken consecutively to 
prevent any discrepancies in the results due to changes in the local climate (temperature and 
humidity). 
The fuel consumption and exhaust sampling time were recorded to facilitate accurate 
determination of the specific activity of naphthalene in both the fuel and the exhaust. The 
sampling times and rates of fuel consumption are given in Table 5.2. 
Table 5.2 Rate of fuel consumption and exlraust sampling time 
Engine conditions 
Speed Load Power Fuel consumption Exhaust sampling 
(rpm) (Nm) (kw) (ml min"1) time (Seconds) 
1000 5 0.52 11 50 
100 10.47 61 50 
2500" 50 13.08 45 25 
3000 5 1.57 62 30 
100 31.41 178 30 
The exhaust was sampled using the TESSA Deuterated standards were added to the TES 
immediately after sampling to determine losses of aromatics during work up. The TES 
samples were extracted and concentrated (Section 2.5.1) prior to fractionation into 
aliphatics, aromatics and polars. The activity of the aromatic fractions were determined by 
static scintillation counting (Section 2.5.3.1) and the mass of naphthalene determined by 
"Values presented for this speed and load range (2500 rpm and 50 Nm) are from a previous experiment 
(Chapter 3). 
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GC-MS (Section 2.2.4). The mass of other selected P AH were determined at the same time. 
The identity of the radiolabelled compound contained in the exhaust emissions was 
confirmed by radio-HPLC and radio-GC (Section 2.5.3). 
5.3 Results 
5.3.1 The Effect of Speed and Load on PAH Emissions from a DJ Diesel Engine 
Gas chromatograms of the aromatic fraction of the exhaust samples obtained over a range 
of speeds and loads are presented in Figure 5. I. Compounds were identified by GC and GC-
MS (Section 2.2.4), compound identities are given in Table 5.3 (pg 142). The recoveries of 
selected PAH are given in Table 5.4 (pg 143), percentage recoveries were calculated using 
Equation 3. I. Where a new compound has been produced during combustion 
(pyrosynthesised) it is not possible to quote a percentage recovery, the results for these 
compounds are quoted as mg of compound produced per litre of fuel burned and are 
presented in Table 5.5. 
Table 5.5 The exhaust emissions of PAH pyrosynthesised during combustion in a DJ 
diesel engine. Figures are expressed as m~: recovered per litre of fuel burnt 
Compound (mg recovered per litre of fuel consumed.) 
Speed Load Vinylnaphthalene Dibenzofuran 4H-cyclopenta[def]phenanthrene 
(mm) _(Nm) 
1000 5 57.4 - -
100 27.5 - -
2500" so 3.2 - -
3000 5 181.6 54.5 31.6 
100 84.6 34.3 21.1 
The compounds in Table 5.5 were identified by the methods discussed in Section 2.2.4. The 
GC-MS traces for these compounds and a comparison with the mass spectrum contained in 
the NBS 49K mass spectrum library are given in Figure 5.2. 
a Results presented for this speed and load range (2500 rpm and 50 Nm) are from a previous experiment 
(Chapter 4). 
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Figure 5.1 Gas chromatograms of aromatic fractions of diesel exhaust obtained over a 
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Figure 5.1 Gas chromatogram of the aromatic fraction of diesel exhaust obtained at 
2500 rpm and 50 Nm (compound identifications Table 5.3). 
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Figure 5.1 Gas chromatograms of aromatic fractions of diesel exhaust obtained over a 
range of speeds and loads. (a). 3000 rpm and 5 Nm, (c). 3000 rpm 100 Nm (compound 
identifications Table 5.3; 1, 2 and 3 are identified on pg 167). 
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Table 5.3. Compound identifications for selected PAH in diesel fuel and diesel exhaust 
emissions. 
Compound Compound 
Identification 
A Naphthalene 
B 2-Methylnaphthalene 
c 1-Methylnaphthalene 
D 1/2-Ethylnaphthalene 
E 2, 6/2,7 -Dimethylnaphthalene 
F 1,3 & 1,6/1, 7-Dimethylnaphthalene 
G 1,4/2,3 & 1,5-Dimethylnaphthalene 
H Acenaphthylene 
I 1 ,2-Dimethylnaphthalene 
J 1 ,3, 7-Trimethylnaphthalene 
K 1,3, 6-Trimethylnaphthalene 
L 1,3,5/1 ,4,6-Trimethylnaphthalene 
M 2,3, 6-Trimethylnaphthalene 
N 1,2,6/1 ,6, 7-Trimethylnaphthalene 
0 1 ,2, 4-Trimethylnaphthalene 
p 1 ,2,5-Trimethylnaphthalene 
Q Fluorene 
R Dibenzothiophene 
s Phenanthrene 
T 2-Methylphenanthrene 
u 3 -Methyl phenanthrene 
V 9/4-Methylphenanthrene 
w 1-Methylphenanthrene 
X Fluoranthene 
y Pyrene 
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Table 5.4 The percentage recovery of selected PAH emissions relative to the co"esponding fuel PAH consumed during sampling (compound 
identifications given in Table 5.3). Figures in brackets are expressed as mass (mg) of compound recovered per litre of fuel consumed 
(mgllitre) 
.. , 
>:' ::: .' . , •. • •· CQm:PQundldentifi.caiipn ..... · ... 
·· .•. ··:······. 
../ . .... ·• .. ... .. 
Speed tQad· ,, ......... A B c D E F G H I J K L 
(rpm) (Nm) . 
1000 5 4.1 2.7 3.3 3.4 2.7 2.7 2.4 320.1 0.6 3.9 4.0 4.3 
(52.9) (109.1) (90.7) (56.8) (90.7) (98.0) (57.1) (16.1) (11.2) (59.3) (76.4) (63.6) 
100 3.3 2.4 3.0 2.4 2.2 2.6 1.7 160.7 0.3 3.3 3.7 3.3 
(42.6) (97.0) {82.5) (40.1) (73.9) (94.4) (40.5) (8.0) (5.6) (50.2) (70.7) (48.8) 
25001 50 2.2 1.0 1.0 0.1 - - - - - - - -
(28.4) (40.4) (27.5) (1 .7) 
3000 5 30.4 8.4 9.0 5.2 6 .5 7 .4 4.9 6725.5 1.4 7.8 10.6 9.7 
(392.2) (339.4) (247.5) (86.8) (218.4) (268.6) ( 116.6) (336.3) (26.2) (118.6) {202.5) (143.1) 
100 7.0 0.7 0.7 0.5 0.4 0.4 0.3 2369.3 0.6 0.4 0 .7 0.4 
(90.3) (28.3) (19.2) (8.4) (13 .4) (14.5) (7. 1) ( 118.5) ( 11.2) (6.1) (13.4) (5.9) 
Compound Identification 
Speed Load M N 0 p Q R s T u V w X y 
(rpm) (Nm) 
1000 5 4.3 3.5 0.9 2.5 1.3 2.5 3.7 1.9 2.0 1.7 1.8 - 22.5 
(54.2) (_67.2) (2.2) (12.7) (7.4) (8.5) (34.8) (13.3) (20.2) (13.1) (11.7) (18.7) 
100 3.0 3.6 0.7 3.2 0.6 1.7 1.9 1.7 0.9 0.8 0.9 
-
9.7 
(37.8) (69.1) (1.7) (16.3) (3.4) (5.9) (17.9) (11. 9) (9.1) (6.2) (5.8) (8.0) 
2500L 50 - - - - - - 0.7 - - - - -
(6.6) 
3000 5 8.3 10.8 2.2 7.7 9.9 7.5 30.2 4.3 6.4 3.9 4.2 143.7 109.1 
(104.6) (207.4) (5.3) (39.3) (56.4) (25.5) (283 .9) (30.1) (64.6) (30.0) (27.3) (51.7) (90.5) 
100 0.6 0.7 0.2 0.8 2.6 3.1 15.0 1.3 1.3 1.1 1.3 82.7 45.8 
(7.6) (13.4) (0.5) (4.1) (14.8) (10.5) (141.0) (9. 1) (13.1) (8.5) (8.4) (29.8) (38.0) 
• Results for this speed and load range (2500 rpm and 50 Nm) are from Chapter 3 and Chapter 4 

5.3.2 The Effect of Speed and Load on the Contribution of Naphthalene Contained in 
Diesel Fuel Surviving Combustion and Naphthalene Pyrosynthesised during 
Combustion to Naphthalene Recovered in Exhaust Emissions. 
The contribution of naphthalene contained in fuel surviving combustion and naphthalene 
pyrosynthesised from other hydrocarbon sources to the total recovered naphthalene 
contained in exhaust emissions have been investigated using ( 4C]naphthalene. A5 described 
in Section 3.4 the contribution to naphthalene contained in exhaust emissions from 
pyrosynthetic sources was determined by measuring the variation in specific activity of 
( 14C]naphthale~e contained in the fuel with the specific activity of [14C]naphthalene in 
exhaust emissions from combustion of radiolabelled fuel. Any reduction in the specific 
activity of the radiolabelled naphthalene contained in the emissions indicates the 
pyrosynthesis of cold, inactive naphthalene, as the input of tube oil has been eliminated 
(Section 2.6). The [14C]naphthalene dissolved in fuel (500 ~I) was introduced into the 
combustion chamber using the modified high pressure fuel line (Section 2.5.2.1). The exact 
activities of the [ 14C]naphthalene introduced into the combustion chamber were determined 
by static scintillation counting (Section 2. 5. 3. I). The determination of the specific activities 
of the naphthalene added to the test cylinder required the mass of naphthalene added to the 
test cylinder during sampling to be determined. This was achieved using, the mass of 
naphthalene in !-litre of fuel (1290 mg), the rates of fuel consumption (Table 5.2) and the 
exhaust sampling time (Table 5.2). The mass of naphthalene consumed during sampling, the 
activity of the [14C]naphthalene burned, and their corresponding specific activities are 
presented in Table 5.6. 
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Table 5. 6 The mass (mg), activity (pCi) and specific activity (pCi mmof1) of 
naphthalene consumed during exhaust sampling over a range of speeds and loads 
Speed Load Run Mass (mg) of Activity (J.LCi) of Specific activity 
(rpm) (Nm) naphthalene consumed naphthalene introduced (J.1Cimmol"1) of 
during sampling into the combustion naphthalene introduced 
chamber into the combustion 
chamber 
1000 5 i 4.0 99.6 3187.8 
ii 4.0 102.6 3282.9 
100 i 17.3 125.3 927.4 
ii 17.3 126.4 935.6 
2500 50 i 9.2 98.7 1373.2 
ii 9.2 102.8 1430.3 
3000 5 i 11.0 107.6 1251.6 
11 11.0 111.9 1302.0 
100 i 29.8 112.2 482.1 
ii 29.8 112.7 484.0 
The identity of[14C]naphthalene in the exhaust extracts was confirmed by comparison of the 
radio-HPLC peak (A) with the retention times for the naphthalene mass peak (A') and a 
[
14C]naphthalene standard (Figure 5.3). The slight difference in retention times between the 
mass peak (A') and the radio peak (A) for naphthalene is owing to a delay period between 
the UV detector and radio-detector connected in series. Further confirmation of the identity 
of C4C]naphthalene comes from the comparison of the radio-GC peak (X) with the 
retention time of the mass peak (X') (Figure 5.4.). The radioactivity associated with the 
C4C]naphthalene contained in the exhaust sample was determined by static scintillation 
counting, these values represent just the naphthalene that has survived combustion. The 
activity of naphthalene in the fuel and the activity of naphthalene in the emissions along with 
the percentage survival are presented in Table 5. 7. 
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Table 5. 7 The activity (pCi) of naphthalene introduced into the combustion chamber, 
the activity (pCi) of naphthalene contained in exhaust samples and the percentage 
survival of naphthalene in exhaust emissions over a range of speeds and loads 
Speed Load Run Activity (J.lCi) of Activity (J.lCi) of Percentage of 
(rpm) (Nm) naphthalene introduced naphthalene contained naphthalene recovered 
into the combustion in exhaust emissions in exhaust that was 
chamber naphthalene contained 
in the fuel 
1000 5 i 99.6 0.7 0.7 
ii 102.6 0.9 0.8 
lOO i 125.3 0.4 0.3 
ii 126.4 1.1 0.8 
2500 50 i 98.7 0.5 0.5 
ii 102.8 0.5 0.5 
3000 5 i 107.6 8.1 7.5 
11 Ill. 9 10.1 9.0 
lOO i 112.2 0.3 0.2 
ii 112.7 0.6 0.5 
The contribution of naphthalene contained in exhaust emissions from pyrosynthetic sources 
was determined by measuring the variation in specific activity of[14C]naphthalene in the fuel 
and exhaust. The specific activity of naphthalene contained in the exhaust required the mass 
ofthe total naphthalene recovered (recovered= survived+ pyrosynthesised) in the exhaust 
to be determined accurately. The naphthalene contained in the aromatic fraction of the 
exhaust sample was quantified by calibration of the GC-MS and subsequent analysis of the 
naphthalene contained in aromatic fraction of the exhaust samples. The mass of 
naphthalene, the associated activity and the corresponding specific activitiy of naphthalene 
in the exhaust samples are given in Table 5.8. 
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Figure 5.3 Reversed phase HPLC separation of the 2-ringed PAR fraction of diesel 
exhaust (a) The radio detector signal, showing a single peak representing 
{ 14C}naphthalene (A-10.01 minutes). (b) UV detector signal, the peak labelled A' (9.40 
minutes) is naphthalene. 
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f14Cjnaphthalene (X-19.48 minutes). (b) FID response, the peak labelled X' (19.37 
minutes) is naphthalene. 
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Table 5. 8 The mass of naphthalene, tire associated activity and the co"esponding 
specific activities of naphthalene in the exhaust samples 
Speed Load Run Mass(mg)of Activity (!lCi) of Specific activity 
(rpm) (Nm) naphthalene contained naphthalene contained (llCilmmol) of 
in exhaust samples in exhaust emissions naphtluUenecontained 
in the exhaust sample 
1000 5 i 0.2 0.7 448.0 
11 0.2 0.9 576.0 
100 i 0.5 0.4 102.4 
11 0.6 1.1 234.7 
2500 50 i 0.2 0.5 320.0 
ii 0.2 0.5 320.0 
3000 5 i 3.3 8.1 314.2 
ii 3.4 10.1 380.2 
100 i 2.4 0.3 16.0 
ii 2.5 0.6 30.7 
The difference between the specific activity of naphthalene contained in the fuel and that in 
the exhaust emissions represents the amount of pyrosynthesised naphthalene. The specific 
activities of naphthalene in both the fuel and exhaust samples for all conditions studied, 
along with the percentage pyrosynthesised naphthalene (percentage pyrosynthesised 
naphthalene= the percentage change in specific activity) are presented in Table 5.9. 
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Table 5. 9 Tlze specific activities of naphthalene in both the fuel and exhaust samples for 
all conditions studied along with the percentage of naphthalene in the exhaust being 
pyrosynthesised naphthalene 
Speed Load Run Specific activity Specific activity Percentage contribution 
(rpm) (Nm) (J.lCi/mmol) of (~mmol)of of naphthalene recovered 
naphthaleneinuoduced naphthalenecontnned in exhaust that has been 
into the combustion in the exhaust sample pyrosynthesised 
chamber 
1000 5 i 3187.8 448.0 85.9 
11 3282.9 576.0 82.4 
100 i 927.4 102.4 88.9 
11 935.6 234.7 74.9 
2500 50 i 1373.2 320.0 76.7 
ii 1430.3 320.0 77.6 
3000 5 i 1251.6 314.2 74.9 
ii 1302.0 380.2 70.8 
100 i 482.1 16.0 96.7 
ii 484.0 30.7 93.6 
From the mass of total recovered naphthalene in the exhaust emissions (Table 5.8) the 
percentage recovery of naphthalene can be determined (Equation 3.1). The percentage 
recovery of naphthalene, and the percentage contribution of naphthalene surviving 
combustion and naphthalene pyrosynthesised during combustion over the range of engine 
conditions studied are given in Table 5.1 0. 
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Table 5.10 The percentage recovery of naphthalene, and the percentage contribution of 
naphthalene surviving combustion and naphthalene pyrosynthesised during combustion 
over the range of engine conditions studied 
Speed Load Run Percentage recovery of Percentage contribution Percentage contribution 
(rpm) (Nm) naphthalene in exhaust of naphthalene recovered of naphthalene recovered 
emissions in exhaust from in exhaust that has been 
naphthalene surviving pyrosynthesised 
combustion 
1000 5 i 5.0 14.1 85.9 
ii 4.6 17.6 82.4 
100 i 2.7 ll.l 88.9 
ii 3.2 25.1 74.9 
2500 50 i 2.2 23.3 76.7 
ii 2.2 22.4 77.6 
3000 5 i 29.9 25.1 74.9 
ii 30.8 29.2 70.8 
100 i 6.1 3.3 96.7 
ii 7.8 6.4 93.6 
5.4 Discussion 
This research has allowed a detailed study of the recovery of the major P AH over the range 
of speeds and loads investigated. A comparison of the chromatograms (Figure 5. I.) 
obtained from the aromatic fractions of exhaust at different engine conditions highlights 
dramatic changes in the emissions over the speed and load range studied. The recoveries of 
the PAH highlighted in Figure 5.1 are presented in Table 5.4. A graphical representation of 
the percentage recoveries in Table 5.4. is given in Figure 5.5, and demonstrates the effect of 
engine load and speed on the combustion efficiency of the PAH selected. Combustion 
efficiency being defined as the mass of compound emitted from the cylinder relative to the 
mass offuel injected, i.e. percentage recovery (Collier, 1995). 
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Figure 5. 5 The percentage recovery of selected P AH over a range of speeds and loads. 
(a) Percentage recovery of selected PAH at 1000 rpm and 5 Nm and 100 Nm load (b) 
Percentage recovery of selected PAR at 3000 rpm and 5 Nm and 100 Nm load 
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The most effective combustion conditions are those which offer the smallest overall 
percentage recovery for a compound. It is apparent from Figures 5.5, that the combustion 
efficiency has improved with increasing load at both speeds studied (1000 rpm and 3000 
rpm). The effect of increased load on hydrocarbon emissions from DI diesel engines has 
been demonstrated by a number of workers including, Zierock et al. (1983), Murayama et 
al. (1986), Williams et al. (1986) and Collier (1995). Increased load increases the overall 
cylinder temperature while the overall mixing rate remains constant. Gas temperatures in a 
!-litre DI diesel engine (rated power- 2600 rpm and SO Nm) calculated for different speeds 
and loads by predictive specialists at Perkins Technology (Brear, 1996), are summarised in 
Table 5.11. From Table 5.11 it can be seen that an increase in load at a given speed 
produces an increase in both the mean and the maximum gas temperatures, e.g. at 2600 rpm 
an increase in load produces an increase in the mean gas temperature of 268°C and an 
increase of752°C to the maximum gas temperature. 
Table 5.11 Gas temperature data for a 1-/itre DJ diesel engine (Brear, 1996) 
Speed Load Mean gas Maximum gas 
(rpm) (Nm) temperature eq temperature eq 
1000 .. 195 833 mtmmum 
maxtmum 412 1507 
2600 rmmmum 257 951 
maxtmum 525 1703 
The temperatures of the piston head and the combustion chamber walls will be considerably 
lower than the gas temperature but will demonstrate the same increase in temperature with 
increased load. At 2600 rpm and minimum load the piston head temperature at peak 
combustion was calculated by Perkins Technology to be 445°C this increased to 857°C at 
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maximum load. The increased cylinder temperature acts to reduce the hydrocarbon and SOF 
emissions as higher combustion temperatures increases the likelyhood that an organic 
compound will be completely combusted, (Campbell et al., 1981 ). 
The combustion efficiency of the selected P AH also varies with engine speed, at 2500 rpm 
the combustion efficiency is greater than at 1000 rpm and 3000 rpm (Table 5.4). Engine 
speed affects the motion of air (swirl, squish and turbulence) and temperature in the 
combustion chamber. The effect of swirl the major air motion parameter is to induce air/fuel 
mixing. An increase in speed will increase air swirl and therefore produce increased air/fuel 
mixing. Swirl also serves to improve fuel atomisation and vaporisation (Campbell et al., 
1981 ). At low speed induced swirl has minimal effect on the fuel spray characteristics, but 
fuel vapour from the spray boundary is carried beyond the lean flammability limit (Rao et 
al., 1993) reducing combustion efficiency. At mid speed there are optimum swirl dynamics 
and timing which enable efficient combustion to develop. This results in the maximum 
power band for small DJ diesel engines (Collier, 1995). Thereby explaining why at mid 
speed and load (2500 rpm and 50 Nm) the overall percentage recovery for naphthalene and 
other selected P AH studied are at a minimum. An increase in speed causes a reduction in 
cycle time, leading to increased wall temperatures and reduced time for heat loss (Campbell 
et al., 1981). Temperature data obtained from Perkins Technology on piston head 
temperatures at peak combustion show an increase with an increase in engine speed at 
constant load (Brear, 1996). For example, at minimum load the piston head temperature 
increased from 319°C to 445°C when the engine speed was increased from 1000 rpm to 
2600 rpm. There is also a slight increase in the mean and maximum gas temperatures with 
increased speed at constant load (Table 5.11 ). The effect of engine operating parameters 
(i.e. speed and load) on gas temperatures and piston head temperature has also been 
demonstrated by Li ( 1982). Li ( 1982) showed that at full load and 1000 rpm the piston head 
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temperature was 180°C and increased to 23 5°C at 3000 rpm and full load. The mean gas 
temperature measured by Li (1982) at 2400 rpm and full load was 990°C this increased to 
1 037°C at 3600 rpm and full load. The increased cylinder temperature has the effect of 
reducing the ignition delay period and should reduce hydrocarbon emissions. This effect is 
offset by the high level of swirl which causes the spray tip to become unstable resulting in 
wall jet breakdown which causes fuel and fuel vapour to impinge on combustion chamber 
walls (Rao et al. , 1993) (Figure 5.6). This has the effect of increasing hydrocarbon 
emissions, (Yu et al. , 1980). The shorter cycle period at 3000 rpm reduces the time 
available for combustion of the fuel and adds to the effects described previously to increase 
the level of hydrocarbon emissions with speed. Thus at 3000 rpm the level of naphthalene 
and other selected PAH (Table 5.4; Figure 5.5) are greater than at lower speeds. 
Air swirl 
Too rich to bum where 0 < 0R 
Combustion of fuel vapour 
\ 
Too lean to bum where 0 < 0 1. 
Combustion 
chamber wall 
(a) Fuel spray divided into regions 
based on equivalence ratio 
Where: 
0 == local air:fuel ratio 
0R == rich flammability limit for combustion 
0L == lean flammability limit for combustion 
- Liquid fuel 
[ _ _ 1 Fuel vapour jet 
(c) Fuel Vapour impingement 
(wall jet break down) 
(b) Formation of wall jets 
Figure 5. 6 Fuel injection (a), the formation of wall jets (b) and wall jet breakdown (c) 
(Campbell et al, 1981). 
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The extent of the contribution of fuel P AH surviving combustion and pyrosynthesis of P AH 
during combustion to the recovery of individual P AH compounds is unclear from the 
recoveries of the selected PAH. Results from the combustion of [14C]naphthalene 
demonstrate the effect of speed and load on the contribution of naphthalene contained in 
fuel surviving combustion and pyrosynthesis of naphthalene during combustion to 
naphthalene recovered in exhaust emissions. The effect of speed and load on the 
contribution of naphthalene contained in fuel surviving combustion and of pyrosynthesis of 
naphthalene during combustion to the recovery of naphthalene are given in Table 5.10. and 
Figure 5.7. This shows that pyrosynthesis represent the dominant factor controlling the fate 
of naphthalene recovered in the exhaust. Figure 5.7 shows the engine conditions which offer 
the optimum combustion efficiency are those at the mid speed and load range (2500 rpm 
and 50 Nm). This is in agreement with research by Zeijewski et al. (1991) and Collier 
(1995) who found the optimum combustion efficiencies to be at 2000 rpm and 2200 rpm, 
respectively. The previous statement describes the overall recovery of naphthalene (survived 
and pyrosynthesised). These conditions also produced the least effective conditions for 
pyrosynthesis, with high speed and low load (3000 rpm and 5 Nm) offering the most 
effective conditions i.e. more naphthalene being pyrosynthesised. The combustion 
environment which prevails at high speed and high load (3000 rpm and 100 Nm), offer the 
optimum conditions for the destruction of naphthalene contained in the fuel, with high speed 
and low load (3000 rpm and 5 Nm) having the least effective environment. The survival of 
naphthalene contained in the fuel follows the same trend as that for pyrosynthesis with a 
decrease in survival as load increases at a particular speed. This is to be expected as the 
improved combustion efficiency owing to higher combustion temperatures (Table 5.11) 
cause a reduction in organic fuel molecules available for the pyrosynthesis of naphthalene. 
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Figure 5. 7 The effect of engine conditions on the contribution of naphthalene surviving 
combustion and naphthalene pyrosynthesised during combustion to naphthalene 
recovered in the exhaust emissions from a DJ diesel engine. 
Collier (1995) states that for a specific load the closeness of the percentage recoveries of 
P AC indicate P AC content similar in the emissions to that in the fuel. Thls is strong 
evidence for survival unchanged. It is apparent from Colliers results (Figure 5.8a) that the 
P AC percentage recoveries in the emissions are more variable at low load and 1000 rpm 
than at hlgh load and the same speed where the percentage recoveries become similar. Thls 
would suggest either differing combustion efficiencies between the P AC or more 
pyrosynthesis at low load. The percentage recoveries for selected P AC obtained during thls 
study for comparable engine conditions using the same engine and sampling system as 
Collier (1995) are presented in Figu~e 5.8b. The percentage recoveries for the selected PAC 
in Figure 5.8b are greater than the percentage recoveries obtained by Collier (1995; Figure 
5.8a) but demonstrate a reduction in percentage recovery with increased load as indicated 
by the results of Collier ( 1995). 
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(a) results obtained from Collier (1995) and (b) results from present study (Table 5.4) 
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The increased percentage recoveries may be owing to improved sampling efficiency due to 
modifications made to the TESSA sampling system. These modifications include, the 
welding of stainless steel flanges to the three tower sections of TESSA increasing the 
sealing of the tower and the addition of a spray head to the tower solvent . inlet to finely 
disperse the solvent mixture entering the tower, greatly improving the efficiency of 
collection. In contrast to the results of Collier (1995; Figure 5.8a) the spread of the 
percentage recoveries of the P AC in Figure 5. Sb are the same at both loads. At 1000 rpm 
and low load the percentage recoveries range from 1.7% to 3.3% a spread of 1.6% and at 
1000 rpm and high load the percentage recoveries range from 2.5% to 4.1% a spread of 
1.6%. This result suggests the contribution of pyrosynthesis to the recovered PAC may be 
similar for both loads at 1000 rpm. The results of the [14C]naphthalene speed and load study 
(Table 5. 10, Figure 5. 7) show the percentage pyrosynthesised naphthalene at both loads 
investigated to be similar, at 1000 rpm and 5 Nm the percentage pyrosynthesised 
naphthalene was 3.3% of the naphthalene present in the fuel and this was reduced to 2. 7% 
of the naphthalene present in fuel at 1000 rpm and 100 Nm. The results of the 
[ 
14C]naphthalene speed and load study also suggest that the contribution of pyrosynthesis to 
the recovered P AC in Figure 5. Sb may be similar for both loads at 1000 rpm. 
Colliers results show the percentage recoveries of PAC over the load range at 3000 rpm 
(Figure 5.9a) to be much more variable than at 1000 rpm (Figure 5.8a). Collier (1995) 
suggests this is because of differing combustion efficiencies between PAC at all loads at 
3000 rpm or alternatively pyrosynthesis being more important over the entire load range at 
high speed. The percentage recoveries for selected PAC obtained during this study for 
comparable engine conditions are presented in Figure 5.9b. The percentage recoveries for 
the selected P AC in Figure 5. 9b are considerably greater than the percentage recoveries 
obtained by Collier (1995; Figure 5.9a) but demonstrate similar trends to the percentage 
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recoveries of PAC obtained by Collier (1995; Figure 5.9a). That is to say a reduction in 
percentage recovery with increased load and much more variable percentage recoveries of 
the P AC over the load range. At 3000 rpm and low load the percentage recoveries range 
from 7.4% to 30.4% a spread of 23.0% and at 3000 rpm and high load the percentage 
recoveries range from 0.4% to 15.0% a spread of 14.6%. As with the results of Collier 
( 1995; Figure 5. 9a) this result suggests differing combustion efficiencies between PAC at all 
loads at 3000 rpm or alternatively pyrosynthesis being more important over the entire load 
range at high speed, with pyrosynthesis becoming more important at high load. This is 
reflected in the results of the [14C]naphthalene speed and load study (Table 5.1 0, Figure 5.7) 
at high speed and low load (3000 rpm and 5 Nm) pyrosynthesis of naphthalene was 22.1% 
of the naphthalene present in the fuel, this was reduced to 6.7% at 100 Nm. Thus the 
variation in percentage recoveries over the load range at high speed for the work of Collier 
(1995; Figure 5.9a) and the results of the present study (Figure 5.9b) may be explained by 
the increased importance of pyrosynthesis at high speed. The higher percentage recoveries 
for the present study at 3000 rpm (Figure 5.9b) when compared with the results of Collier 
(1995; Figure 5.9a) may be owing to the improved sampling efficiency due to modifications 
made to the TESSA sampling system. 
Collier ( 1995) considers the combustion chamber to be divided into three zones, a complete 
combustion zone, (Zc), an intermediate combustion zone (pyrosynthesis), (Zi) and an 
unbumed fuel zone, (Zu) (Figure 5.10). Collier suggests that at high loads the range of 
temperatures is narrow and hence compounds either survive in the low temperature zone 
(Zu) or are completely combusted in the high temperature zone (Zc). At low loads, a 
greater range of temperatures may exist in different regions of the chamber, enabling 
differing combustion efficiencies and combustion reactions to proceed at specific 
temperatures. The time available for combustion reactions will also affect the emissions, 
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such that higher speeds will reduce the time available for total combustion to occur, thus 
allowing some compounds to undergo pyrosynthetic reactions rather than complete 
combustion. 
Complete combustion zone , Zc 
lntmnediate combustion zone, Zi 
Unbumed fuel zone, Zu 
Figure 5.10 Schematic illustration of the proposed combustion zones (Collier, 199 5) 
These zones should be considered to be areas where the local air:fuel ratio is too lean or too 
rich for combustion reactions to occur. The effect of temperature in these zones is to dictate 
whether fuel is chemically modified or survives combustion unchanged. It has been 
demonstrated by Tancell et al. (1995a) that the importance of pyrosynthesis and survival for 
selected P AH varies from compound to compound at a particular speed and load (2500 rpm 
and 50 Nm) owing to the correlation between survival and the energy level of the LUMO. 
This would suggest that the three zones hypothesised by Collier (1995) may exist for each 
individual P AH molecule with a differing amount of importance attributed to each zone 
depending on the molecule studied. The selective formation mechanisms which operate for 
individual P AH during combustion are therefore controlled by the size of Zi. For example at 
2500 rpm and 50 Nm, of the naphthalene recovered in emissions 77.2% (average value for 
two exhaust runs, Table 5.9) is pyrosynthesised, for benzo[a]pyrene (Tancell, 1995) this 
figure is 20%. Thus the size ofZi for naphthalene is far greater than for benzo[a]pyrene. 
An increase in speed will increase the rate of air/fuel mixing. At high speeds this can lead to 
overmixing which increases the size of the Zi and Zu zones. Increased speed also reduces 
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the time available for combustion reactions to occur. These two factors serve to increase the 
level of hydrocarbon emissions with speed. 
At constant speed the size of Zi and Zu will remain constant as the level of mixing remains 
the same with an increase in load. The increase in load will cause an increase in combustion 
chamber temperature (Table 5.11) reducing the time for combustion reactions to occur, thus 
reducing the amount of hydrocarbon available to enter the Zi and Zu zones, reducing both 
pyrosynthesised and survived emissions. 
At low load there is a shift in the proportion of P AH away from alkyl derivatives towards 
parent structures. This trend is most noticable at 3000 rpm where there is a very obvious 
shift towards parent PAH (Figure 5.5), a dramatic increase in the levels of naphthalene (A), 
acenaphthalene (H), phenanthrene (S), fluorene (Q), fluoranthene (X) and pyrene (Y) can 
be seen at 3000 rpm and 5 Nm (Figure 5.1 and Figure 5.5). The formation of large amounts 
of parent PAH in the exhaust emissions at low load and 1000 rpm and also at 3000 rpm may 
be owing to demethylation reactions as demonstrated in Chapter 3. Methylated-P AH 
represent the largest proportion of the P AH in the aromatic fraction of the diesel fuel 
burned (92%). The de-methylation of the methyl-PAR contained in the diesel fuel burned 
may make a significant contribution to the increased concentration of parent P AH in the 
exhaust emissions. Cyclisation reactions involving vinyl intermediates may also be 
producing parent PAH strucures. The presence of vinyl compounds in the exhaust emissions 
was demonstrated in Chapter 4. The vinyl moiety may undergo an intramolecular reaction 
as shown in Figure 5. 11 a, to produce acenaphthylene or may follow an intermolecular 
pathway similar to that given in Figure 1.10 to form a larger P AH structure (Figure 5.11b). 
The percentage recovery of acenaphthylene in exhaust emissions at all speeds and loads was 
greater than the percentage recovery for all the other P AC investigated. The engine 
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operating parameters which produced the greatest percentage recovery of acenaphthylene 
(6725.5%) were 3000 rpm and 5 Nm. The formation of large amounts of acenaphthylene 
during combustion in a diesel engine has also been demonstrated by Nelson ( 1989). The 
concentration of acenaphthylene in the fuel used by Nelson was 6 11g g·• the concentration 
in the exhaust was 350 11g g·• of fuel burnt, this represents a 5833% recovery. The exhaust 
samples were collected from a 31 indirect injection engined Toyota Dyna F1 diesel truck 
driven at 40 km h"1 on a chassis dynamometer. Nelson suggests a mechanism involving 
addition of aromatic radicals to acetylenic species for the formation of acenaphthylene. A 
mechanism for the formation of acenaphthylene involving a vinyl intermediate as proposed 
in the mechanism given in Figure 5.1la has been postulated by Frenklach and Wamatz 
(1987). The formation of acenaphthylene has been observed in pre-rnixed flames of 
acetylene, ethylene, butadiene and benzene (Crittenden and Long, 1973; Cole et al., 1984). 
More recently the formation of acenaphthylene from 1-vinylnaphthalene has been included 
in a kinetic scheme for the oxidation and auto-ignition of 1-methylnaphthalene (Pitsch, 
1996). The kinetic scheme developed by Pitsch (1996) based on available thermodynamic 
data and validated with species data from flow reactor measurements and auto-ignition 
delay times from shock tube experiments shows 1-vinylnaphthalene to be converted 
exclusively to acenaphthylene. Pitsch ( 1996) also proposed a second route to 
acenaphthylene via a !-naphthyl radical. The !-naphthyl radical reacts with acetylene to 
form acenaphthylene. The large percentage recoveries of acenaphthylene at all speeds and 
loads studied may be owing to the proposed pathway (Figure 5.1la) being kinetically 
favoured to that of the pathway in Figure 5.11 b. This would seem likely as the proposed 
reaction pathway (Figure 5.lla) only involves a one step intramolecular reaction where as 
pathway b (Figure 5.11) has 4 steps and involves intermolecular reactions. Both these 
pathways are analogous to the mechanism postulated by Frenklach et al. (1984, 1990; 
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Figure 1.1 0) involving a vinyl moiety in the formation of P AH, ultimately leading to the 
production of soot. 
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Figure 5.11 Proposed reaction pathways for the formation of (a) acenaphthylene by an 
intramolecular reaction and (b) phenanthrene by an intermolecular reaction. 
The formation of parent P AH demonstrated in this research is the opposite to the results 
presented by Williams et al. ( 1989). These authors showed a shift towards alkyl aromatic 
structures in the P AH recovered in diesel exhaust emissions, although no mechanism for the 
preferential formation of alkyl P AH by pyrosynthesis was given. Trier ( 1988), Tancell 
(1995) and Collier (1995) all found an enhancement of parent P AH in the aromatic fraction 
of exhaust extracts relative to their alkyl derivatives. In an earlier paper Williams et al. 
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( 1987) state that the 2-4 ring aromatics contained in the exhaust are primarily unbumed 
fuel, they also present evidence that high molecular mass five-ring P AH may be formed in 
the cylinder, possibly by pyrolysis of low molecular weight unbumed fuel PAH. Nelson 
( 1989) states that this research is surprising given the large number of observations of 
formation of 2-4 ring P AH from combustion and pyrolysis of simple aliphatic hydrocarbons 
(Burrows and Lindsey, 1961; Badger, 1965). Nelson ( 1989) used exhaust gas filtration to 
trap the exhaust particles and an XAD resin trap to collect the gaseous phase hydrocarbons 
from the combustion of diesel fuel, thus preventing the loss of the gaseous hydrocarbons 
which would be experienced by the sampling system employed by Williams et al. (1987). 
The major components of the exhaust collected by Nelson (1989) were shown to be 
toluene, phenylacetylene, stryrene, indene, naphthalene, methylnaphthalene and 
acenaphthalene. The major aromatic species in the exhaust emissions were far greater than 
the major P AH components found in the fuel. Thus the major aromatic components of the 
exhaust were not derived from fuel but were pyrosynthesised. This is consistent with the 
results obtained from the study of selected P AH over the range of engine conditions studied 
here in. At 3000 rpm and 50 Nm three compounds were identified in the exhaust which did 
not appear in the fuel, and must therefore have been pyrosynthesised. These compounds are 
highlighted on the chromatogram of the aromatic fraction from the exhaust sample at 3000 
rpm and 5 Nm (Figure 5.1) as, I (2-vinylmiphthalene), 2 (Dibenzofuran), 3 (4H-
cyclopenta[def]phenanthrene). These compounds were identified by GC-MS, relative 
retention index values and eo-injection with authentic reference compounds. These 
compounds were also present in the exhaust at 3000 rpm and 100 Nm but at lower 
concentrations (Table 5.4). 2-Vinylnaphthalene was present in all the exhaust samples 
looked at. Tancell (1995) using the same fuel, engine and exhaust sampling system as those 
used in this study has identified 2-vinylnaphthalene in exhaust emissions at 2500 rpm and 50 
Nm. 
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Chapter 6 
General Conclusions and Future Work 
6.1 Conclusions 
This research has led to a unique understanding of the combustion of naphthalene and n-
alkylnaphthalenes in a DI diesel engine, and allowed an evaluation of the sources of these 
compounds in exhaust emissions. This has been achieved in the present study by using both 
a [14C]radiolabelled technique and a diesel enriched fuel technique (DEFT). The techniques 
employed have also, for a chosen condition of speed (2500 rpm) and load (50 Nm) given an 
insight into the reaction mechanisms which operate in the complex chemical environment of 
a diesel engin~ combustion chamber. The radiolabelling technique has also been used to 
study the effect of speed and load on the contribution of naphthalene in diesel fuel surviving 
combustion and pyrosynthesised naphthalene to naphthalene recovered in exhaust 
emiSSions. 
There are a number of possible control strategies available for the reduction of hydrocarbon 
emissions from diesel engines. These include engine design, engine management, and 
manipulation of the fuel composition. This study has used naphthalene and n-
alkylnaphthalenes as model fuel P AH compounds and has highlighted the importance of an 
understanding of both the fate (survival, pyrosynthesis and/or complete combustion) of 
these PAH during combustion, and the sources (survival and/or pyrosynthesis) of these 
P AH compounds in the exhaust emissions with regard to these control strategies. 
Using the [14C]labelled technique it has been uniquely demonstrated that at low load the 
amount of pyrosynthesised and survived naphthalene is greater than at high load, with 
pyrosynthesis representing the larger contribution to the recovered naphthalene. A similar 
trend has been o~served by other workers but only with regard to total recovered P AH 
(Andrews et al., 1983; Williams et al., 1986; Zeijewski et al., 1991; Collier et al., 1995). 
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The results of Tancell et al. (199Sa) demonstrate that the degree of survival of a PAH 
molecule is linked to the energy level of its lowest unoccupied molecular orbital and 
percentage survival is linearly related to the energy level of the lowest unoccupied 
molecular orbital of the PAH studied. For this same linear trend to be observed at all loads, 
as it is expected to, requires that all P AH survivals follow the same trend as that of 
naphthalene i.e. an increase in load causes a reduction in the percentage survival of 
naphthalene and therefore a corresponding reduction in the percentage survivals of all the 
P AH molecules contained in fuel. Consequently the fate of naphthalene at different speeds 
and loads can be used as a model indicating trends in survival which would be demonstrated 
by all P AH in the combustion chamber, e.g. increased survival at low loads. An increased 
importance of pyrosynthesis for all PAH as demonstrated by the results from 
( 14C]naphthalene would also be expected at low load. The increased importance of 
pyrosynthesis at low load is supported by the occurrence of three compounds (2-
vinylnaphthalene, dibenzofuran, 4H-cyclopenta[def]phenanthrene) identified in the exhaust 
at 3000 rpm and 5 Nm which did not appear in the fuel, implying they were pyrosynthetic in 
nature. The same compounds were also identified in the exhaust at 3000 rpm and 100 Nm 
but at lower concentrations. This result highlights the increased importance of pyrosynthesis 
at low load. 
At low load the high level of survival and pyrosynthesis can be linked to lower combustion 
temperatures lowering the overall combustion efficiency and therefore, increasing emissions 
of pyre synthesised P AH and P AH contained in the fuel surviving combustion In order to 
enhance combustion efficiencies at low load higher combustion temperatures are required. 
The combustion chamber geometry has been shown to have an influence on the combustion 
chamber temperature (Saito et al., 1986). These authors demonstrated that a re-entrant type 
combustion chamber has higher wall temperatures over the combustion cycle than a 
169 
standard chamber, (re-entrant chamber: average wall temperature = 179°C; standard 
chamber: average wall temperature = 151 °C). The emissions of hydrocarbons from the re-
entrant chamber were lower than those for the standard chamber investigated. Increased 
cylinder temperature would also increase the overall temperature of combustion, improving 
combustion efficiency, reducing the time taken for fuel impinging on the combustion 
chamber wall to evaporate and bum completely. Reduction in crevice volumes (the space 
between the top ring liner and the piston head) and the nozzle sac volume (injection orifice) 
have also been shown to reduce emissions of hydrocarbons and may be options available for 
the reduction in the hydrocarbon emissions with respect to the Prima engine design (Andoh 
and Shiraishi, 1986; Shakal and Martin, 1990). A recent development to the Prima engine 
was the introduction of two stage injectors. The two stage injectors reduce hydrocarbon 
emissions as a consequence of less fuel impingement on the combustion chamber walls 
(Collier, 1995). 
The engine conditions which produced the greatest combustion efficiencies were those at 
2500 rpm and 50 Nm, with low speeds (1000 rpm) and high speeds (3000 rpm) producing 
higher levels of hydrocarbon emissions. Engine speed affects the motion of air and the 
degree of air: fuel mixing and hence the air: fuel ratio. At high speed (3000 rpm) the fuel is 
mixed beyond the lean limit of combustion, and increased turbulence causes a breakdown in 
the formation of wall jets, allowing fuel to impinge on the combustion chamber walls. The 
problem of fuel impingement leading to increased recoveries of P AH could be solved by 
increasing the cylinder temperature as discussed previously. At low speed the air and fuel 
are under-mixed, producing over rich regions, preventing efficient combustion from 
occurring. The problem of air and fuel mixing was addressed by Saito et al. ( 1986), these 
authors demonstrated the possibility of altering the air: fuel ratio by adjusting the degree of 
air swirl in the combustion chamber. This was achieved by adjusting the angle of the 
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tangentially positioned air inlet port. If the degree of swirl could be controlled using this 
technique with regard to the Prima engine, the air:fuel ratio during combustion could be 
maintained at approximately stoichiometric conditions (14.7:1), improving the combustion 
efficiency at all speeds. 
The above engineering solutions to the problem of hydrocarbon emissions including engine 
design and engine management represent a number of options available to the engineer. The 
improvements to the Prima engine described herein only relate to the emissions of 
hydrocarbons. The em1ss1ons of other exhaust gas em~ss10ns e.g. NOx should not be 
forgotten. A reduction in the emissions of hydrocarbons often causes an increase in the level 
of NOx emissions in what is known as the NOx-hydrocarbon trade off. Thus any control 
strategies devised to reduce the emissions of hydrocarbons should be integrated with those 
to reduce NOx emissions preventing an improvement in one at the expense of the other. 
Control of exhaust emissions may also be achieved by manipulation of the fuel composition. 
By altering the fuel composition, for example removing identified mutagenic compounds, it 
is assumed that the emissions would be improved. The techniques employed in this research 
have shown that at all the speeds and loads investigated the contribution of pyrosynthesised 
naphthalene to the naphthalene recovered in the exhaust was greater than that of 
naphthalene contained in the fuel surviving combustion to the recovered naphthalene The 
contribution of pyrosynthesised naphthalene to the recovered naphthalene ranged from 75% 
to 97%. At 2500 rpm and SO Nm load the previously unreported input of n-
methylnaphthalenes to the pyrosynthesised naphthalene was demonstrated by combusting 
fuel spiked with [14C)2-methylnaphthalene Both radiolabeUed 2-methylnaphthalene (0.53% of 
the original C4CJ2-methylnaphthalene) which had survived combustion, and radiolabeUed 
naphthalene (0.02% of the original C4CJ2-methylnaphthalene), were recovered in the exhaust 
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extracts. This experiment showed unequivocally that 2-methylnaphthalene was converted to 
naphthalene in the combustion chamber. The first enrichment experiments (DEFT), in which 
both l- and 2-methylnaphthalene were added to the fuel just prior to combustion are reported 
herein and confinned that demethylation of both species produced naphthalene in small yields 
with l-methylnaphthalene contributing l. 9% and 2-methylnaphthalene contributing 6.1% to 
the pyrosynthesised naphthalene in the exhaust emissions. It is possible that the large 
number of di- and tri-methylnaphthalenes contained in the fuel could also be making a 
contribution to pyrosynthesised naphthalene contained in the exhaust. This information is of 
use to the fuel manufacturer in assessing the effectiveness of their refining processes at 
producing fuels that achieve better quality emissions. 
The refinery process currently used to reduce the aromatic component of diesel fuel to meet 
with current legislation in Sweden, Finland and California is hydrotreatment (Martin and 
Bigeard, 1992; CONCA WE, 1994). Hydrotreatment is catalysed low temperature (ea. 
450°C) hydrogenation of olefinic compounds e.g. conversion of naphthalene to tetralin. 
Parent P AH (e.g. naphthalene) concentration is reduced by hydrotreatment, and 
hydrotreatment will thus reduce the contribution of surviving parent P AH to the total 
recovered parent P AH in the exhaust emissions. The results of the C4CJnaphthalene 
experiment demonstrate, that any reduction in the concentration of naphthalene in the fuel 
would only have a limited effect on the emissions of naphthalene from the exhaust, the 
majority of the naphthalene emitted being pyrosynthesised. However, hydrotreatment also 
reduces the concentration n-alkylaromatic compounds contained in the fuel. This will 
reduce the contribution of pyrosynthesised naphthalene in exhaust emissions from n-
methylnaphthalenes owing to the demethylation reactions reported herein. Therefore 
reducing the contribution of pyrosynthesised naphthalene and hence the level of total 
172 
recovered naphthalene in the exhaust. This research has thus demonstrated the effectiveness 
of hydro treatment at reducing the level of naphthalene in exhaust emissions. 
The formation of vinylnaphthalene from n-alkylnaphthalenes during combustion in a diesel 
engine has been demonstrated by the combustion of fuel spiked with both 2-
ethylnaphthalene and 2-butylnaphthalene. The yields of 2-vinylnaphthalene from the 
combustion of 2-ethylnaphthalene and 2-butylnaphthalene were O.OI% and 0.08% 
respectively. Radical vinylnaphthalene species have been shown to be involved in the 
formation of larger aromatic species and ultimately soot by Frenklach et al. (1984; I990) a 
mechanism proposed by these authors for this is illustrated in Figure I. I 0 At high speed 
(3000 rpm) the exhaust emissions from the Prima diesel engine studied contained significant 
quantities of acenaphthylene, phenanthrene, fluoranthene and pyrene which may be owing to 
the cyclisation reactions involving vinylnaphthalene proposed by Frenklach et al. ( I984; 
I990). A reduction in the number of n-alkylnaphthalene species by hydrotreating gas oil to 
reduce the aromatic concentration will cause a reduction in the concentration of 
acenaphthylene, more condensed P AH and soot owing to the reduced number of 
vinylnaphthalene species pyrosynthesised from n-alkylnaphthalenes during combustion. 
The radiolabelling technique and the diesel enriched fuel technique employed in this study have 
provided unique information on the mechanisms of combustion of naphthalene and naphthalene 
derivatives in the Prima diesel engine studied. This work represents a considerable advance in the 
area of diesel engine combustion studies and has attracted the interest of the engine manufacturer 
(Perkins) and two large fuel companies 
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6.2 Future Work 
The current research has provided a unique picture of the fate of both naphthalene and 2-
methylnaphthalene during combustion and their sources in exhaust emissions. It has also 
given an insight into the reaction mechanisms which operate in the diesel engine combustion 
chamber studied. This has been largely achieved for one speed and load (2500 rpm and SO 
Nm). There is still a large component of the pyrosynthesied naphthalene (69.2%) whose 
source remains unidentified. The di- and tri-methylnaphthalene compounds contained in the 
fuel represent a significant proportion of the alkylated 2 ring compounds contained in the 
fuel studied (63%). These compounds may make a significant contribution to the 
pyrosynthesised naphthalene contained in the exhaust emissions. Consequently, it will be 
desirable to investigate whether these compounds make a contribution to the 
uncharacterised component of material which make up the pyrosynthesised naphthalene. 
This will be achieved using the DEFT. The use of the radiolabelling technique will not be 
possible as there are no [14C]radiolabelled di- or tri-methylnaphthalene compounds available 
commercially. The high cost of di- and tri-methylnaphthalenes and the large amounts 
required (34.52 g/litre of fuel) for the DEFT will make synthesis a more cost effective 
means of obtaining the compounds required. Di-and tri-methylnaphthalenes can be 
synthesised from methylbenzene (for di-methylnaphthalene) or xylene (for tri-
methylnaphthalene) and methylsuccinic anhydride by a Friedei-Crafts synthesis. A scheme 
for this is described by Eisenbraun et al. ( 1971) and was successfully used by Rowland et al. 
(1984) to synthesise a range oftri-methylnaphthalene compounds. Eisenbraun et al. (1971) 
report a 67% yield for I ,4,6 tri-methylnaphthalene. 
Alternatively if a source of stable isotope [ 13C] labelled compounds could be found it will be 
possible to perform similar experiments to those with C4C] labelled isotopes, giving 
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infonnation about the products of their combustion and sources in emissions i.e. survival 
unchanged and pyrosynthesis from other compounds in the combustion chamber. Products 
from the combustion of [13C] labelled compounds will be identified using high resolution 
GC-MS. This technique was successfully used by Rhead et al. (1990) to elucidate the 
products of combustion of [13C]benzene in diesel exhaust. These were shown by 
comparison of exact masses to be phenanthrene and dibenzothiophene in which the benzene 
· ring remained intact. This work may then be repeated at different speeds and loads to 
investigate the influnence of engine conditions on the input of n-alkylnapthalenes to the 
pyrosynthesised fraction of naphthalene. This will give a more complete picture of the 
sources of naphthalene during combustion in a DI diesel engine. 
Further investigation into the linear relationship between the survival of P AH molecules and 
the energy level of their LUMO, as described in Chapter 3 (Section 3.4), over a range of 
engine conditions will show whether the linear relationship described is unique to the 
conditions investigated (2500 rpm and 50 Nm) or exists over the entire speed and load 
range. If a linear relationship exists under all of the engine conditions investigated, this will 
allow accurate prediction about the survival of the P AH investigated at any given engine 
conditions. It will also allow predictions to be made about the survival of P AH compounds 
which are not available as [14C]radiolabelled precursors. The results of this study will 
provide a useful model for both fuel and engine manufactures to ascertain whether the 
presence of a particular aromatic compound in the exhaust emissions is an effect of fuel 
surviving combustion or of pyrosynthesis in the combustion chamber. 
An improvement in the work up procedures for the emission samples (Chapter 2, Section 
2. 5 .I) is desirable before any further work is attempted. Grab and Muller (1987) have 
shown that low boiling point hydrocarbons such as naphthalene and n-methylnaphthalene 
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can be lost selectively during solvent removal by rotary evaporation. A number of workers 
(Wraige, 1995; Ali, 1994) have demonstrated an improvement in the recovery of these low 
boiling point hydrocarbons by controlled evaporation using the Kuderna-Danish 
concentrator. This technique could be investigated for its potential to improve the 
recoveries of the low boiling point hydrocarbons contained in the exhaust emission samples. 
Losses may also be minimized by the use of normal phase semi-preparative HPLC to 
fractionate the total exhaust samples into aliphatic, aromatic and polar compounds rather 
than the open column chromatography technique which is currently employed. 
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